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PREFACE 

THE  object  of  the  present  work  is  not  eo  much  to  instruct 
m  to  suggest.  It  represents  a  sort  of  reconnaissance,  and 
embodies  the  information  collected  by  scouts  and  skirmishers 
regarding  practicable  lines  of  advance  and  aooessible  points  of 
attack,  with  a  view  to  annexing  for  the  realm  of  knowledge 
mob  further  strips  and  corners  from  the  territory  of  ignorance. 
Its  inspiring  motive,  in  short,  is  the  desire  for  a  rectification 
of  the  frontier  in  the  interests  of  science  Material  resources 
for  the  furtherance  of  such  encroachments  are  not  lacking. 
The  globe  is  studded  with  observatories,  variously  and  admir- 
ably equipped.  Tet  innumerable  objects  in  the  sidereal 
heavens  remain  neglected,  mainly  through  inadvertence  to 
the  extraordinary  interest  of  the  questions  pending  with 
respect  to  them.  In  the  following  pages  it  has  been  sought 
to  indicate  some  of  these  individually,  and  in  their  relations 
to  the  larger  meanings  of  cosmical  research.  But  this  could 
be  done  effectually  only  from  the  vantage-ground  of  our  actual 
acquirements ;  hence  the  book,  although  primarily  designed  to 
stimulate  the  progress  of  astrophysics,  necessarily  includes  an 
account  of  its  present  state.  Before  attempting  to  add  to  our 
store  of  learning,  we  must  realise  what  is  already  possessed 

The  unknown,  it  is  true,  is  indefinitely  vast,  and  the  rays 
of  light  which  we  can  project  into  its  darkness  penetrate  but 
a  short  way.  Our  programme  of  inquiry  must  accordingly  be 
limited  to  what  is  now  practicable,  or  promises  to  become 
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so  in  the  immediate  future.  The  unforeseen,  too,  will  have 
something,  perhaps  much,  to  do  with  prescribing  directions 
for  fresh  researches.  Queries,  in  the  coming  years,  will  In- 
put to  the  skies  very  different  from  those  here  propounded  ; 
and  answers  of  a  surprising  kind  will  doubtless  be  afforded 
to  our  present  interrogatory.  The  keen  delight  of  such 
revelations  will  reward  those  who,  loving  truth  for  its  own 
sake,  have  laboured  for  its  promotion ;  and  if  these  pages 
should,  in  any  degree,  help  to  quicken  and  guide  their  noble 
enthusiasm,  they  will  have  amply  served  their  purpose. 

They  do  not,  however,  cover  the  whole  field  of  astrophysics- 
Planetary  and  coinetary  astronomy  are  deliberately,  although 
for  different  reasons,  excluded  from  treatment  in  them.  The 
moon  and  planets  still  belong  to  the  theoretical  and  descriptive 
departments  of  the  elder  celestial  science.  Nearly  all  that  is 
known  about  their  condition  has  been  learned  by  direct 
telescopic  observation.  The  items  of  information  added 
through  the  aid  of  the  camera  and  the  spectroscope,  though 
valuable,  are  very  few.  The  orbital  characteristics,  on  the 
other  hand,  of  comets  and  meteors  are  too  prominent  to  be 
set  aside  in  any  profitable  discussion  of  their  nature.  They 
are  of  the  very  essence  of  the  phenomena ;  yet  they  would  be 
out  of  place  in  a  book  strictly  limited  to  the  consideration  of 
the  heavenly  bodies  under  their  physical  aspect. 

The  writer  has  received  much  courteous  help  from  various 
quarters  in  preparing  the  illustrations,  and  desires  in  par- 
ticular to  acknowledge  her  obligations  to  Sir  William  and 
Lady  Huggins,  to  Sir  David  Gill,  to  Dr.  Roberts,  F.R.S., 
to  the  Kev.  W.  Sidgreaves,  SJ.,  Mr.  W.  E  Wilson,  F.R.S., 
M  Deslandres,  Professor  Hale,  Professor  Barnard,  to  Pro- 
fessors E  C.  and  W.  H.  Pickering,  and  to  Professor  CumpbelL 

LOXDOX,  liftemUr  1902. 
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BUS  AMD   800R  0»  ASTROPHYSICS. 

The  aatraaomy  of  the  ancient*  was  purely  formal  It  did  not 
arose—  to  look  beyond  appearances.  Its  aim  was  reached, 
provided  that  phenomena  were — in  the  old  Greek  phrase — 
BMtbematacally  "  sated,"  at  whatever  cost  of  material  imposed- 
siKsy.  Kepler  first  speculated  on  the  oanses  of  Celestial 
asovemefits,  and  introduced  the  term  "physical  astronomy" 
villi  a  foil  sense  of  what  it  implied.  Ite  establishment  as  an 
bbIiiiUis  branch  of  knowledge  was  a  prime  desideratum 
with  Francis  Bacon.  While  rejecting  the  Copernican  system 
and  ignoring  Kepler's  laws,  he  aspired  towards  a  science  of 
the  skies  that  should  be  no  simulacrum,  like  the  "  stuffed  ox  of 
Prometheus/*  but  should  have  in  it  the  breath  of  life  and  the 
instinct  of  progress.1  Anticipating  with  imaginative  insight 
the  prosecution  of  researches  which  Comte,  two  centuries 
later,  declared  to  be,  in  the  nature  of  things,  futile,  he  broadly 
laid  down  the  lines  of  a  new  astronomy,  indistinguishable  from 
modern  astrophysics.  As  the  province  of  this  "  philosophy  " 
of  the  heavenly  bodies,  he  assigned  inquiries  into  the 
nature  of  their  substance,  of  their  qualities,  properties,  and 
influences,  as  well  as  into  the  source  of  the  motive  power  act- 
ing upon  them.  Vitalised,  as  it  were,  by  contact  with  mother- 
earth,  it  was  destined  in  his  prevision  to  a  community  of 
advance  with  terrestrial  science,  one  imparting  to  the  other 
novel    truths    tending    to    mutual    profit    and    simultaneous 

1  Powlcr,  Introduction  to  Novum  Organum,  p.  SS ;  Deacriptio  Otcbi  JnUi- 
Jtrfwo/u,  ehftpa.  v.,  tu.  ;  Av  Amgmentu,  iii.  4. 
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development  Thus  the  long-divorced  sublunary  and  truus- 
lunary  worlds  were  conjoined,  and  their  material  unity — the 
essential  principle  of  astrophysics — was  de6nitively  proclaimed. 
This  daring  forecast  transcended  the  scope  even  of  Newton's 
discovery,  and  left  Kepler's  prescience  far  behind.  For  Kepler. 
as  an  astronomer  <•*  pmfcMo,  took  lull  account  of  apparent 
impossibilities,  while  Bacon's  was  ■  the  golden  guess" — 

That'i  morning  star  tit  the  full  mum)  <>i  truth. 

Yet  it  might  have  been  derided  as  that  of  an  uninformed 
amateur.      It  rose  indeed  out  of  sight  of  ordinary  minds. 

The  establishment  of  the  law  of  gravity  was  the  first  step 
towards  its  realisation.  Thereby  the  terrestrial  regimen  was, 
in  part,  extended  to  the  skies.  The  moon  assumed  the  aspect 
of  a  projectile  in  perpetual  flight,  tangeuiially  launched  ab 
initio,  and  hence  keeping  its  distance  from  the  earth,  while 
the  planets,  including  our  own  globe,  proved  to  be  similarly 
related  to  the  sun.  Thus  celestial  movements  lost  the 
mystical  character  long  ignorantly  attributed  to  them,  and 
were  found  to  own  a  common  cause  with  movements  at  the 
surface  of  the  earth.  They  became  predictable,  since  the  cause 
acts  uniformly  and  simply ;  theoretical  astronomy,  with 
practical  astronomy  at  hand  to  provide  its  raw  materials  and 
teat  its  results,  took  rank  aa  the  most  perfect  of  the  sciences ; 
the  idea  of  a  definable  force  put  to  the  rout  the  old  vague 
notions  of  "tendencies,"  " appetites,"  ■  passions,"  or  ■  potencies," 
and  a  dynamical  was  substituted  for  a  merely  kinematical 
system. 

Gravity,  however,  is  a  force  of  the  utmost  generality  in 
the  way  it  affects  matter.  It  takes  no  notice  of  distinctions 
of  kind  or  quality.  The  substances  acted  upon  may  be  hot  or 
cold,  dense  or  rare,  elementary  or  compound ;  they  may  be  of 
any  imaginable  chemical  or  iniuerulogical  constitution  ,  they 
may  bo  in  any  state  of  aggregation ;  they  may  be  organic  or 
inorganic ;  no  difference  is  perceptible ;  gravity  is  concerned 
solely  with  mass,  and  is  measured  strictly  by  movement ;  and 
from  gravitational  inquiries,  accordingly,  mass  and  movement 
can  alone  be  learned.  So  fur,  then,  only  one  principle  of 
unification  was  introduced.  One  fundamental  property  of 
matter  was  known  from  1687  to  belong  equally  to  the  earth 
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planet*;  and  HerscbeTs  discovery  in  180*J  of  mutually 
revolving  stars  virtually  made  the  ■'  writ  to  run  "  throughum 
the  aidereaJ  world  as  welL  The  universality  of  un  apparent 
nuUB-attrmction  was  a  great  tat,  buiM.fmed  ilfstinnl  hnvmnin 
isolated ;  for  Olbers's  "  electrical  theory"  of  comets  amounted 
Ut  no  more  than  a  suggest  ire  «|mculuLitiri.  Then  in  1852  the 
identification  by  Sabim-,  Wolf,  mid  (iiiutier  of  the  sun- 
and  terrestrial  magnetic  periods  showed  the  reality  of 
*>lar  influence**  Bntetod  in  a  manner  not  amy  to  apprehend, 
bat  capable  of  being  brought  to  the  test  of  experimental  inves- 
tigation. Cosznical  physics  began  to  separate  out  and  take 
recognisable  shape.  The  spring  of  its  most  rapid  growth, 
however,  lay  in  another  direction. 

The  discovery  (in  Professor  KeoIer*s  words ')  ■  that  the 
light  which  reveals  to  lis  the  existence  of  the  heavenly  l*odiee 
lip  U-.;r-  tin-  hocret  "1  their  constitution  mil  uliyidflBJ  am. 
diUoa."  afforded  a  solid  basi*  for  a  ariimm  of  far-reaching 
import.  *  The  spectroscope  pluccd  new  und  hitherto  undreamt- 
of powers  in  the  hand*  ..1"  men.  It  is  to  the  ardropln  v  >  i 
wliat  the  graduated  circle  and  the  telescope  are  to  the 
astronomer.'*  Observation  a  of  the  heavenly  bodies  by  means 
of  their  analysed  light  came  to  the  aid  of  observations  through 
their  integrated  light  Their  radiations,  visible  and  invisible, 
were  brought  within  the  range  of  detailed  study. 

Of  study,  not  only  visual,  but  photographic.  The  sensi- 
tive plate  has  three  leading  prerogatives.  It  sees  where  the 
eye  is  blind ;  its  impressions  are  cumulative  to  an  indefinite 
extent;  they  are  permanent;  they  constitute  documentary 
evidence  of  incontestable  validity,  which  can  be  produced 
or  referred  to  at  pleasure.  Spectroscopic  photography,  or 
"  specirography,"  dates  from  Sir  William  Muggins's  adoption 
of  the  dry  gelatine  process  in  1876  ;  and  his  discovery,  three 
years  later,  of  the  ultra-violet  series  of  hydrogen-lines  in  stellar 
spectra  started  it  on  its  career  amid  acclamations.  Nor  has 
the  promise  been  belied.  The  efficiency  of  the  camera  is  of 
so  high  an  order  that  direct  visual  observations  of  prismatic 
light  are  now  only  by  exception  made.  This  is  perhaps  un- 
fortunate, since  the  two  kinds  of  results  are,  to  some  extent, 
supplementary,  and  can  often  be  most  usefully  compared  and 

1  Attnphyntml  Journal,  toI.  ri  p.  27  8. 
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correlated.     The  superiority  of  the  chemical  method,  however, 
is  nowhere  more  conspicuous  than  in  the  motion  department 
of   the    new    astronomy.      Its    powers    in   this   direction   were 
tested  with    striking  success  by  Vogel    in    1888,  and   their 
development,  rapid  as  it  has  been,  does  not  seem  to  be  near 
its   term.      The    determination    of   radial   velocities  through 
changes  in   the   refrangibility  of  light  emanating  from   the 
bodies  actuated   by  them,  has   made    astrophysicists    free  of   a 
territory  which  beluugB  equally  to  the  domain  of  traditionally 
equipped  astronomers.     Here  we  get  back  to  elementary  facts 
of  mass  and   motion,  ascertained,   however,  not  frontatly  by 
nip.-isuivH    of    josition,    hut    ^l^'tujimfy     1  >y     in IsbBBM    frOU 
radiative  modifications.     They  are,  indeed,  of  a  nature   un- 
affected by  position,  and   hence   undisceraible  with   the  micto- 
meter.      A  body  shown  spectroscopically  to  be  in  swift  move- 
ment might    be    absolutely   immobile   telescopically ;    or  the 
conditions  might  be  inverted,  each  method  taking  cognisance 
of  only  one  component  of  the  total  velocity.     An   immense 
extension   was  accordingly  given   to   the   field  of   research    in 
sidereal   dynamics  by    the   application,   through  Sir  William 
Huggina's  initiative,  of  "  Dopplcr's  principle."       It  supplied 
not    alone    the    means    of    completing    investigations    whirls 
could  otherwise    be    pursued    only    in    a    one-aided   manner, 
but    of  setting    on    foot    entirely  new   ones  of   incalculable 
significance.      Thus  the  rate  of  the  solar   translation   through 
space,  valued  little  better  than  conjecturally  from  the  proper, 
or   tbwartwise  motions  of  the  stars,  can  be  derived  securely 
and    at    once    from    their   radial    motions.       Of   the    move- 
ments of  nebulae  nothing  is  known — and  very  little  is  likely 
to    become   known  for  some  centuries  yet  to  come— except 
through    spectroscopic    measurements;    for   they   are    so    re- 
mote   that    their    positions    change    with    extreme    slowness, 
while  the  evidence  of  radial  speed  is  tendered  immediately, 
without  regard  either  to  time  or  distance.      But   the   most 
curious  discoveries  afforded  by  it  are  of  double  stars  revolving 
in  such  close  continuity  as   to  be   permanently   inaccessible  to 
telescopic  observation.     And  these  are  precisely  the  systems  of 
highest  cosmogonic  interest,  us  being,  most  likely,  at  the  out- 
set   of    their    evolutionary    careers.       They    are    surprisingly 
numerous,  and   will  doubtless  prove  to  be  linked  ou  to  tele- 
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bnaaee   by   an   uninterrupted  succession    of  couples 

end  farther  apart 

Bkwiiwi  ground  of  the  two  astronomies,  where  motion 

an  fee  line  of  sight  k  the  object  of  research,  has  already  proved 

frwatfal  of  varied  iiovelties,  and  it*  yield  is  cot  within  view  of 

It  ootid,  however,  never  hare  been  worked 

bat  for  the  timely  assistance  of  phonography. 

Irving  retina  is  hare  conspicuously  inferior  to  #e  chemical 

v  aerial  disturbances  axe  eminently  baffling  to  eye- 

of  hns-ahiftings,  while  the  sensitive  plate,  ignoring 

flootoatioBS,  records  true  mean  positions.     Visual 

b  rarely  trustworthy ;  advantageous  occasions 

them  are  lew ;  so  that  they  must  always  be  either 

in  quality  or  scant  in  quantity ;  and  accumulated  date  are 

as  ills  bases  of  systematic  inquiries.     The  use  of  the 

k  accordingly  indispensable,  and  has  become  all  but 


Astrophysics  widens  in  scope  year  by  year,  and  as  it  wins 
it  gains  intention,  each  advance  carrying  it  deeper 
into  the  secrets  of  nature.  Towards  this  result  the  alliance 
with  photography  has  contributed  with  signal  effectiveness. 
The  impersonal  method  confers  a  certainty  and  power  in  dealing 
with  obscure  phenomena  which  can  only  in  special  cases  be 
claimed  for  the  eye.  Moreover,  it  is  of  larger  application. 
It  can  be  employed  on  an  expanded  scale  both  of  time  and 
space.  It  is  thus  the  fittest  means  for  collecting  statistics  of 
the  heavens;  and  statistics  are  urgently  in  demand  for  the 
ultimate  purposes  of  celestial  science.  The  whole  future  of 
astronomy  has  indeed  come  to  depend  upon  the  validity  of 
photographic  evidence,  and  specialties  of  manipulation  and 
development,  the  idiosyncrasies  of  variously  prepared  plates, 
the  shrinkage  of  gelatine  films,  the  effects  of  graduated 
exposures,  have  to  be  studied  no  less  diligently  than  the 
theories  and  errors  of  brass  and  glass  instruments  where  im- 
mediate determinations  of  celestial  situations  are  in  question. 
Astrophotography  is  an  art,  and  has  a  technique  of  its  own 
needing  labour  for  its  mastery. 

The  ramifications  of  astrophysics  are  numerous  and 
intricate.  To  trace  them  out  in  detail  would  be  to  unroll  an 
ehborate  chart   of  the  sciences.       Celestial  chemistry  is  in 
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itself  au  all  but  limitless  department.  Tt  includes  terrestrial 
chemistry,  therinotics.  thermo-electricity,  and  slides  inevitably 
into  the  wonderland  of  molecular  physics  and  ethereal  powers 
and  qualities.  For  the  interpretation  of  spectra  demands 
acquaintance  with  the  nature  of  the  vibrating  systems  originat- 
ing tlirm.  with  their  relations  to  "  intixniderHble  "  agencies, 
with  their  perturl>atioti8,  modifications,  and  disruptions  under 
the  stress  of  circumstances  at  present  scarcely  definable. 
Hero  there  are  worlds  to  conquer.  One  phase  of  these 
ni>|uirieBia  marked  by  the  recognition  of  harmonic  line-series  in 
itectrn  of  the  chemical  elements.  Another  by  the  discover)' 
that  wave-length  is  a  function  of  density,  that  an  increase  of 
pressure  slightly  shifts  the  rays  emitted  by  a  glowing  vapour 
downward  towards  the  red.  A  third,  still  more  significantly, 
by  the  "  Zeeruan  effect"  with  its  barely  conjectured  implica- 
tions. It  consists  in  the  distension  and  subdivision  of  lines 
normally  slender  aud  single,  when  the  radiation  takes  place 
in  a  strung  magnetic  field;  and  the  specificatttt  of  the  laws 
of  its  production,  whether  close  at  hand  under  controlled 
conditions,  or  far  out  of  reach  at  the  surface  of  call 
spheres,  allures  the  imagination  with  possibilities  of  far- 
reaching  consequence.  Above  all,  there  seems  to  be  a 
reasonable  chance  of  learning  from    it  something  about  the 

ical  state  of  the  stars.  The  relative  strength  and 
brilliancy,  moreover,  of  spectral  lines  afford  criteria  of  tem- 
perature, density,  ami  modes  of  electrical  action,  but  not 
with  satisfactory  explieitness.  There  is  much  difficulty  in 
duly  apportioning  the  effect*  Thermal  and  e.let  tried  condi- 
tions are  rarely  separable ;  degrees  of  density  and  of  tempera- 
ture again  need  very  careful  discrimination.  Electricity  is 
the  indispensable  agent  for  exciting  luminosity ;  precisely, 
however,  what  part  it  reserves  for  itaelf  in  the  matter — 
whether  heat,  as  generally  assumed,  is  its  plenipotentiary,  or 
merely  a  delegate  with  limited  powers — is,  so  far,  unknown. 
Nor  is  it  easy  to  define  what  takes  place  in  the  path  of  the 
discharge,  yet  it  is  from  the  carrying  molecules  only  that  the 
light  examined  is  derived,  and  it  is  their  state  only  that  is 
iinlicated  by  its  peculiarities.  Still,  U'^inninga  have  been 
made    in    the    experimental    disentanglement    of   this  web   of 

i-  pendent  operations,  and   specific    inferences    of    value 
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rafarrtiruj    the    heavenly    bodies    have    already    been    drai 
frcan   wne    preliminary   ordering    of   thi*  various    clause* 


Bm  rotation  of  (.In-  heavenly  Ixxlics  is  a  department 
Annexed,  while  their  chemistry  has  been  created  by  the.  new 
utronomy.  No  longer  treated  as  a  aim]  If  u< «  in<  in>;il  datum, 
n    is  studied    an   an    index    to    their    physical    coiiKtituMon 

Si-t  ti..H  <.jii.     «)'tjs<_T\iilion-    of    a\ial     mOTCDUnfel    in     tfafl     Mm 

and  planets  an*  anions  tin-  moM  delk-at*-  .md  OVtMfl  that 
have  been  made.  They  may  poaaibly  be  extended  to  stara, 
nebula?,  and  cornets,  but  the  prospects  here  are  dubious. 
Nor  has  the  old  direct  mode  of  determining  rotation  Uv.u 
by  the   DOVel    method.      Its   employment,   in   -■ 

:.I.   ■;  •  ;:!   m  ,       i       v.  ndored      ill     ntli'Th,     by     lll<       I'oRi      r.f 

chxmnatanees.  exclusive. 

Moreover,  nearly  the  whole  "descriptive"  section  of 
astronomy  is  embraced  by  astrophysics.  It  in  now  extensively 
yet  not  ultop-ther  worked  by  photographic  means.  The 
camera  has  m  far  succeeds!  v<-ry  imp*] l.<  My  in  depicting 
planetary  surfaces;  but  the  required  special  conditions  are 
being  carefully  studied,  and  will  |ierhupa  before  long  be 
realised.  The  difficulties  attending  lunar  photography  have 
of  late  been,  in  the  main,  overcome,  as  the  magnificent  Paris 
and  Lick  Atlases  of  the  moon  testify.  They  nevertheless 
record  essentially  what  was  known  before :  * b«v  elucidate  no 
perplexity ;  selenology  has  been  adorned  anefilluBtrated,  but 
not  greatly  promoted  by  their  compilation.  The  self-portrayal 
of  recent  comets,  on  the  other  hand,  has  been  accompanied  by 
remarkable  disclosures.  They  need,  however,  skilled  inter- 
pretation, and  experts  in  this  branch  are  to  seek.  The 
pictures  are  there,  full  of  rapidly  changing  and  significant 
detail;  yet  patience  must  be  exercised  before  we  can  read 
in  explicit  terms  what  they  implicitly  convey  regarding  the 
constitution  of  the  bodies  they  represent. 

The  photographic  study  of  the  Milky  Way — pursued 
systematically  by  Professor  Barnard — has  been  more  definitely 
and  distinctly  communicative.  For  his  plates  not  only  bring 
clearly  to  view  the  mixed  stellar  and  nebulous  nature  of  that 
gigantic  assemblage,  but  also  afford  grounds  for  inferences 
of  great  moment  as  to  the  general  distribution  of  the  stars. 
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This  indeed  isjA  subject  which  might  seeni  expressly  reserved 
for  treatment  by  the  older  astronomy.  Yet  the  uil-pervaaive 
pbyBUM  of  the  skies  has  a  lieu  upon  it.  Spectroscopic  con- 
siderations come  into  play.  The  modes  of  stellar  scattering 
in  space  are  different  for  the  various  stellar  types,  and  the 
connection  suggests  queries,  not  readily  answered,  regarding 
the  origin  of  those  types,  and  the  very  genesis  of  the  sidereal 
system  itself.  Abysses  of  speculation  open  before  us  as  we 
contemplate  the  surging  galactic  cloud-forms  depicted  through 
the  simple  instrumentality  of  a  portrait-lens  and  a  sensitive- 
plate. 

In  the  photometric  branch  of  astronomy  there  is  a  similar 
concurrence  of  claims.  The  arrangement  of  the  stars  in 
light-ranks  serves  primarily  as  a  test  of  their  arrangement  in 
space ;  the  test,  however,  is  illusory  unless  the  nature  of  their 
spectra  be  taken  into  account.  Again,  while  measurements 
of  the  brightness  of  individual  stars  are  essentially  physical 
in  their  import,  they  are  also  carried  out  for  the  geometrical 
purpose  of  determining  occultation-phases.  The  photometric 
observation  of  the  eclipses  of  Jupiter's  satellites  is  a  corre- 
sponding example  in  the  solar  system.  Otherwise,  in  its 
varied  applications  to  the  sun  and  moon,  to  planets,  asteroids, 
and  comets,  photometry  may  be  said  to  have  purely  physical 
aims.  These  have  to  do,  not  only  with  integral,  but  also  with 
analysed  Light.  __  Tho  "  spoctrometrie  "  division  of  photometry 
consists  in  tlflr^eoinparative  estimation  of  ray-intensities,  in 
balancing  one  against  another  the  differently  refrangible  beams 
from  a  given  source  of  luminosity,  in  constructing,  that  is  to 
say,  its  spectral  energy -curve.  In  both  departments  the 
camera  proves  an  invaluable  ally.  Photographic  photometry 
occupies,  indeed,  a  place  apart  among  the  arts  and  crafts  ol 
astronomy.  It  has  its  own  laws,  its  own  problems,  its  own 
difficulties,  and  it  furnishes  data  which  can  be  i nterpreted  on 
principles  valid  for  them  alone. 

The  specialties  of  solar  physics  arc  too  numerous  to  be 
particularised.  Among  stars,  perhaps  an  insignificant  star, 
the  sun  is  nevertheless  by  its  comparative  vicinity  to  ourselves 
brought  within  range  of  a  whole  series  of  observations  im- 
practicable elsewhere.  In  solar  research,  accordingly,  novel 
devices    abound;     such     us    the    "double -slit    method,"    so 


INTRODUCTION  9 

happily  availed  of  by  Hale  and  Deslandres  for  the  speotro- 
graphic  portrayal  of  "  Hanius,"  facular  and  chroinospheric. 
The  complex  operations  conducted  under  shelter  of  eclipse  are 
equally  peculiar  in  their  object*  and  in  their  system  ;  by  them 
only  ia  the  unique  problem  of  the  corona  at  present  accessible 
to  attack ;  that  of  the  "  reversing  layer  "  is  even  more  elusive 
in  its  momentary  presentations.  Sun-spots,  on  the  contrary, 
are  open  fc>  leisurely  daylight  inspection ;  yet  the  perplexities 
connected  with  then*  structure  and  spectra  grow  rather  more 
tiian  leaa  acute  as  facilities  for  their  scrutiny  are  increased. 
Bat  this  is  no  uncommon  experience  in  the  arduous  walks  of 
-  ■  Ml 

The  pliancy  and  generality  of  astrophysics  contrast* 
-insularly  with  the  austere  exclusiveneas  of  gravitational 
astronomy.  The  new  mode  of  celestial  inquiry  follows  every 
indication,  lays  hold  of  every  clue  ;  it  promises  much,  it  often 
ptoPml"*  more ;  yet  its  advance  is  at  times  hampered  by  the 
very  circumstances  which  make  it  brilliant  and  surprising. 
For  it  "doals,"  as  Professor  Meuderihnll  said  in  1892.1  "  with 
a  nuttier  of  many  properties,  some  of  which  are  but  little 
understood.  While  its  conclusions  are  of  vital  importance 
and  of  intense  interest,  they  result  from  deductions  in  which 
the  premisses  are  insufficient,  and  are  proportionately  un- 
certain. The  new  astronomy  must  for  a  long  time  abound  in 
contradictions  and  controversies,  until,  and  largely  through 
its  development,  we  shall  possess  a  knowledge  of  the  pro- 
perties of  matter  when  subjected  to  conditions  differing 
enormously  from  those  with  which  we  are  now  quite  familiar." 

Here  indeed  lies  the  fundamental  peril,  and  at  the  same 
tune  the  essential  prerogative  of  astrophysics.  Its  concern  is 
with  phenomena  falling  partly  within,  partly  without  the 
range  of  ordinary  experience.  It  has  to  do  with  matter  in 
transcendental  states.  Hence  the  necessity  for  having  re- 
course to  the  risky  expedient  of  "extrapolation" — that  is, 
of  applying  unrestrictedly  to  the  unknown,  rules  gathered 
from  observation  over  a  comparatively  narrow  area.  The 
indefinite  continuity  of  natural  laws  is  assumed  by  it,  but 
certainly  on  no  sufficient  warrant.  There  is  indeed  no  help ; 
no  other  means  are  available ;  the  line  and  plummet  that  have 

1  The  Otmrvatory,  vol.  iz.  p.  144. 
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proved  serviceable  for  sounding  the  eatuary  must  be  used 
likewise  for  the  ocean.  The  upshot,  however,  is  merely  a 
"  first  approximation,"  to  be  subsequently  corrected  and 
controlled.  And  it  may  be  of  immense  importance  aa  an 
index  to  consequences  or  possibilities  which  could  not  haw 
been  foretold,  and  defy  even  imaginative  realisation.  Rut 
just  here  resides  the  exploring  faculty  of  astrophysics.  It 
often  acts  aa  the  pioneer  of  terrestrial  science.  ■  The  discovery 
of  unknown  laws  "  (in  Professor  Keeler  s  words),  ■  as  well  as 
the  explanation  of  phenomena  by  laws  already  known,  ia  one 
of  its  most  important  objects." 

A  great  future  is  reserved  for  it  It  postulates  a  law  of 
order,  the  same  always  and  everywhere,  and  its  primary 
function  is  to  verify  that  postulate,  step  by  step,  point  by 
point,  under  continually  widening  horizons  of  knowledge. 
There  is  no  such  thing  as  chaos,  it  tacitly  asserts,  in  the* 
sidereal  world  or  outside  of  it  For  chaos  is  the  negation  of 
law,  and  law  is  the  expression  of  the  Will  of  God. 


PART  1 
PBOBLRMB  IN  SOLAR  PHYSICS 


CHAPTER   L 


nOQUtt   Or    SOLAR    PHYSICS. 


Sola  it  Physios  it  the  science  of  the  suu  an  *u  individual  Ixxly 
It  is  not  coooeraed  with  the  nun  as  the  ruler  of  the  planetar} 
system,  or  es  e  member  of  the  sidereal  system.  Tlie  questions 
which  it  seeks  to  answer  relate  exclusively  to  the  "tiling  in 
iUelf '  And  these  questions,  through  the  effectiveness  of 
modem  methods,  have  beooau  iWmmthU  Few  <>t  them,  it  i* 
true,  have  jet  been  MMSfrerf,  and  all  can  never  be  set  at  rent, 
smee  each  reply  merks  only  the  eUurting-poiat  for  a  froth 
interrogatory.  This  must  be  no;  the  prnsjiect  inevitably 
widens  with  the  attainment  of  s  higher  point  of  view.  Not  is 
it  likely  that  the  ascent  will  soon  terminate.  It  is  indeed 
towards  a  summit  cloud-wrapt  and  self-withdrawn.  The 
essential  point,  however,  is  that  stagnation  has  given  way  to 
progress,  surmise  to  inquiry,  and  barren  wonder  to  stimulating 
curiosity. 

Solar  research  made  a  threefold  start  about  the  middle 
of  the  last  century.  First  came  Schwabe's  discovery  of  a 
decennial  sun-spot  period,  followed  up  by  Sabine's  announce- 
ment of  a  coincident  terrestrial-magnetic  period.  Then,  in 
I860,  Kirchhoff  published  his  momentous  chemical  interpreta- 
tion of  the  Fraunhofer  lines,  showing  the  presence  of  familiar 
meUls  as  glowing  vapours  in  the  sun's  atmosphere.  Finally, 
on  18th  July  of  the  same  year,  the  "red  prominences"  were 
photographically  referred  to  their  true  location,  and  the  whole 
marvellous  eclipse -garniture  was  at  once  annexed  to  the 
domain  of  solar  physics.  The  investigations  corresponding  to 
these  three  beginnings  were  pursued  at  very  unequal  rates  of 
advance,   and    with    considerable    disparity    of  success.     The 
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chief  triumphs  were  those  of  the  prismatic  method.  From  the 
spectroscope  single-handed,  the  old  order  of  ideas  received  its 
death-blow.  Glaring  incongruities  notwithstanding,  it  might 
have  survived  a  couple  of  decades  Longer  hod  it  not  been  for 
the  reading  of  the  strange  Fraunhofer  inscription.  But  the  sub- 
versive effect  of  the  attack  delivered  in  I860  was  too  palpable 
to  be  ignored.  At  last,  unmistakably,  the  Herschelian  theory 
of  the  sun  was  in  ruins,  und  it  only  remained  to  clear  away 
the  rubbish  of  the  structure  preparatory  to  erecting  u  modem 
edifice  on  new  foundations. 

Its  corner-stone  was  the  principle  of  the  conservation  of 
energy.  This  obtained  its  first  solar  application  from  Helni- 
holtx  in  1853.  His  gravitational  hypothesis  explained  the 
i  in»i  mous  outflow  of  heat  from  the  focal  hearth  of  the  planetary 
household  with  a  directness  and  simplicity  that  compelled  con- 
viction of  its  truth.  Energy  of  position  is,  in  this  view,  the 
store  drawn  upon  by  radiation ;  and  it  is  a  store  so  vast  that 
millenniums  of  thermal  expenditure  will  make  no  perceptible 
encroachment  upon  it.  As  the  great  globe  cools,  it  contracts; 
and  each  one  of  its  constituent  particles  falls,  day  by  day, 
infinitesimal  I)-  nearer  to  the  centre,  heat  being  thus  PBtthttriO- 
ally  evolved.  Potential  energy  is  in  this  way  converted  into 
actual  energy,  and  we  are  warmed  and  lighted  because  the  sun 
?*h  rinks,  and  is  raised  by  shrinkage  to  a  surpassing  pitch  of 
ineaudeeceuce.  His  constitution  must  then  lie  such  H  to 
meet  these  requirements.  For  au  ideal  body,  endowed  at 
pleasure  with  fuuciful  properties,  a  mac  him*  has  to  be 
KiiliHtituted,  definitely  adapted  In  the  fulfilment,  ni 
nised  function.  This  change  in  the  point  of  view  is 
ohametebtk)  of  Mfaophysical  aims.  It  umkes  all  the 
difference  between  unti<|Ue  ud  modern  science  A  great  deal 
is  involved  in  it.  The  demands  of  the  novel  situation  in 
multitudinous,  and  can  l»e  met,  not  by  speculative  efforts,  but 
only  by  toilsome  experimental  comparisons.  These  will  need 
time  and  much  patience,  and  can  never  be  wholly  »itis- 
factory  in  view  of  the  contrast  !>etween  terrestrial  and  solar 
eonditions.  Vet  the  efforts  towards  their  assimilation,  unrcmit  - 
tingly  prompted  by  the  new  astronomy,  lead  to  a  continual 
SOVth  of  knowledge,  and  .nv  unlikely  to  \w  relaxed  until 
the  torch  has  finally  dropped  from  human  li  < 
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The  Absence,  then,  of  a  satisfactory  all-round  theory  of  the 
dud  need  not  be  taken  as  an  implication  of  failure.  On  the 
contrary,  program  in  necessarily  attended  by  incompleteness. 
Facts,  when  research  is  most  active  and  successful,  accumulate 
too  rapidly  to  bo  at  once  collocated.  V inality  ineaim  stag- 
nation. Compare  the  map  of  the  world  drawn  by  Hecataeus 
with  that  by  Herodotus.  The  earlier  is  by  far  the  more  finished 
production.  Neat  and  trim,  with  its  circumfluent  Ocean  Stream. 
it  pictured  the  earth  mainly  from  ideas  of  what  it  ought  to 
he.  The  later  chart,  on  the  other  hand,  us  the  upshot  of 
wider  experience,  admitted  ignorance  by  abolishing  limits  and 
leaving  room  for  the  unknown.  A  true  theory  must  always 
be  somewhat  expansible.  It  must  be  capable  of  accommodat- 
ing uew  facta.  Otherwise  their  intrusion  will  speedily  rive 
it  asunder. 

Only  the  broad  lines  of  solar  theory  can  then  at  present  be 
laid  down.  Details  must  be  filled  in  gradually  with  the  pro- 
gress of  research.  The  preliminary  ideas,  however,  already 
acquired  are  unlikely  to  be  subverted  ;  we  can  represent  to 
ourselves  a  sun  which  is  a  reality,  and  no  figment  of  the 
brain. 

Our  luminary  is  neither  solid  nor  liquid.  It  is  mainly, 
perhaps  entirely,  gaseous ;  but  its  gaseity  is  of  the  "  critical " 
kind,  due  to  the  combination  of  intense  heat  with  enormous 
pressure.  The  thermal  supplies  needed  to  meet  its  vast 
emissive  expenditure  most  be  continually  and  rapidly  brought 
from  the  central  parts  to  the  surface ;  and  this  can  only  be 
accomplished  by  the  actual  transport  of  the  heated  materials, 
conductive  processes  being  much  too  slow  to  meet  the  exi- 
gencies of  the  situation.  We  thus  recognise  in  the  sun  a 
globe  riddled  with  convection-currents,  of  which  the  shining 
cloud-shell  of  the  photosphere  constitutes  the  limit.  At  the 
photospheric  level  the  uprushing  torrents  deliver  their  cargo 
of  radiative  energy,  and  from  the  photospheric  level  the 
corresponding  subsidence  of  cooled  matter  starts  for  the 
unimaginable  furnace  below.  This  course  of  exchange,  how- 
ever, must  be  greatly  complicated  by  the  rotation  of  the 
plastic  mass  in  which  it  progresses.  A  true  vertical  circula- 
tion is  rendered  by  it  impossible ;  the  ascending  and  descend- 
ing currents  must  be   variously   and    incalculably  deflected. 
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Incalculably,  since  the  state  of  the  sun's  interior  lies,  in  some 
respects,  beyond  the  range  even  of  conjecture. 

The  very  remarkable  circumstance  has  been  emphasised 
by  recent  inquiries  that  the  photosphere  tixes  a  boundary 
between  two  solar  regions  scarcely  less  strongly  contrasted — 
to  speak  illustratively — than  the  terraqueous  globe  and  its 
eucriTiipasBiag  fttatoaphwft  The  sun  lias  several  distinct 
envelopes,  but  nunc,  apparently,  in  the  condition  of  atmo- 
spheric equilibrium.  There  is  first  a  shallow,  veil-like  covering 
by  which  the  disc  tfl  reddened  and  darkened  Next  comes 
the  "  reversing  layer,"  a  bed  of  mixed  incandescent  vapours, 
sonic  hundreds  of  miles  in  thickness,  the  absorptive  action  of 
which  mainly  produces  the  dusky  lines  in  ttie  Fraunhofer 
spectrum.  It  is  overlaid,  to  a  depth  of  four  or  five  thousand 
miles,  by  the  chromosphere,  a  gaseous  ocean  incarnadined  by 
the  crimson  blaze  of  hydrogen.  The  irregularities  of  its  out- 
line develop,  locally  and  temporarily,  into  "  prominences,"  often 
of  gigantic  size,  but  belonging  to  the  chromosphere  as  easen- 
1 1  illy  us  mounting  waves  and  tossed  spray  do  to  the  ocean. 
Finally,  we  reach  the  far-spreading  corona,  a  mere  lustrous 
!>  jiutoin,  approaching  the  absolute  zero  of  density,  yet  of 
astounding  decorative  effect  during  total  eclipses.  Between 
the  corona  and  the  chromosphere  tliere  seems  to  lie  absolutely 
no  material  continuity,  although  m .nictural  relationships  have 
been  traced. 

These  appendages  are  distinguished  by  two  peculiarities, 
rendered  more  obvious  at  each  step  forward  in  research.  The 
first  is  that  they  contain  an  extremely  small  quantity  of 
matter.  The  second,  that  the  effect  of  the  sun's  gravity  upon 
them  is,  in  some  way.  neutralised.  We  have  only  to  consider 
that  at  an  elevation  of  three  and  a  half  miles  air  is  reduced 
to  one-half  its  sea-level  density,  while  the  corresponding  height 
at  the  surface  of  the  sun — where  gravity  is  twenty -eight  times 
more  powerful  thau  it  is  on  the  earth — is  but  one-eighth  of 
a  mile.  Into  the  compass  of  a  shell  just  one  furlong  thick 
accordingly,  half  the  substance  of  the  reversing  layer,  chromo- 
sphere, and  coronn  should  be  compressed,  if  the  sway  of  gravity 
over  them  were  undisputed.  Its  comparative  impotence  is 
attested  not  only  by  their  vast  extent  and  excessively  slow 
rate    of    luminous   degradation,    but    still    more   emphatically 
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by    the    almoHt    total    absence    from    lIihiij    of  spectroscopic 
Mtuptoins  of  internal  comprouuion. 

Tbt  various  "  claims  "  into  which  the  wide  field  of  solar 
physics  has  inevitably  come  to  be  divided  »r<-  marked  by 
curious  differences  of  productivcncHs.  Some  arc  thickly  sown 
with  "pockets"  of  bright  ore;  others  have  hitherto  yielded 
tittlo  beyond  the  •  sparkle  of  golden  splendour  "  on  the  surface. 
Thus  the  geometrical  relations  of  suu-spots  are  not  now  more 
rarely  known  than  in  the  day*  of  l>er  ham  and  Caaaini.  A 
roDiriuitB  of  opinion  that  lasted  u  full  century  has  given  way 
to  notorious  disagreement.  The  elementary  question  as  to 
whether  apot-amhnB  are  elevations  or  excavations,  is  once 
more  actively  debated  True,  the  overthrow  of  an  urtilicisl 
unanimity  often  preludes  a  forward  movement ;  yet  it  might 
have  boon  expected  that  the  immense  mass  of  photographic 
records  accuniulatni  during  thirty  years  would  have  amph 
sufficed  to  settle  this  matter  once  for  nil.  It  must  indeed  be 
admitted  that  direct  hum -pictures,  DMriflaBtittftag  H\6  I 
quiMiUs  perfection  to  which  the  art  of  taking  them  has  tjeen 
brought,  and  the  striking  nature  of  tho  details  they  often 
exhibit,  have  contributed  only  in  a  minor  degree  to  the  pro- 
motion of  definite  knowledge.  Super-eminent  among  tnem 
are  the  long  series  due  to  M.  Janseen's  skill ;  yet  after  twenty 
years  the  rtseau  phototphtrique,  a  phenomenon  of  "  blurring  " 
manifested  by  their  means,  continues  enigmatic  as  to  its 
nature,  and  open  to  doubt  even  as  to  its  solar  origin. 

The  swiftest  advances  in  solar  physics  have  been  along 
the  various  routes  opened  by  light-analysis.  Four  of  these 
are  broadly  separated  by  differences  of  aim  and  method.  The 
inquiries  they  have  made  practicable  relate  to  the  chemistry 
of  the  sun  itself,  the  daylight  study  of  prominences  and 
fiseube  through  a  selected  element  of  their  emissions,  to 
radial  movements  in  the  sun,  and  to  spectroscopic  disclosures 
during  eclipses.  The  Fraunhofer  spectrum  has  been  studied 
year  by  year  with  minuter  accuracy,  and  similar  refinements 
in  the  treatment  of  the  arc-spectra  compared  with  it  have 
assured  real,  and  annulled  fictitious  correspondences,  largely, 
as  may  readily  be  imagined,  through  photographic  agency. 
Spectre,  to  be  exactly  collated,  must  be  durably  imprinted. 
The  fine  measurements  now  executed  upon  them  would  be  an 
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impossible  task  for  the  eye.  Professor  Rowland's  inventiou  of 
concave  gratings  in  1883  has  also  contributed  very  notably 
to  the  development  of  solar  chemistry.  They  simultaneously 
focus  impinging  rays  and  disperse  by  diffracting  them.  No 
lens  needs  to  be  interposed,  and  thus  the  disturbing  effects 
of  selective  absorption  and  unequal  deviation  are  avoided. 
Improvements  in  the  technical  processes  of  photography — the 
substitution  of  gelatine  for  collodion  oa  the  vehicle  of  the 

dMOinpOttbtfl  Bill  ;  UN  inten^ilk-uuon  of  srriMtivenaii  tu  (il.it.-.-;; 

modifications  in  their  colour-susceptibility — have  been  equally 
essential  Mechanical  contrivance  has  not  been  behindhand. 
Without  faultless  screws,  for  instance,  there  could  be  no  per- 
fectly ruled  gratings.  The  chemistry  of  the  sun  has  indeed 
drawn  upon  many  and  unexpected  resources  for  its  promotion. 
Spectroscopic  work  at  the  sun's  edge  was  carried  on 
steadily  for  twenty-three  years  after  its  initiation  in  1868. 
Its  outcome  was  the  collection  of  a  mass  of  valuable  informa- 
tion regarding  the  chromosphere  and  its  jutting  eminences. 
Their  forms,  movements,  and  duration  were  registered,  the  law 
of  their  distribution  was  ascertained,  the  mode  of  their  con- 
tinuity to  the  spot-cycle  inferred  So  rich  a  harvest  was,  in 
fact,  gathered  at  once  that  the  soil  began  to  show  signs  of 
exhaustion ;  the  prospect  seemed  dim  of  detecting  any  further 
essential  novelties  in  this  direction ;  the  routine  task  of  daily 
promenading  the  slit  of  the  spectroscope  round  the  limb  lost 
its  zest.  Then  in  1891  a  novel  commencement  was  made, 
and  made  in  duplicate  by  Professor  Hale  at  Chicago  and 
M.  Deslandres  in  Paris.  They  transferred  the  business  from 
the  eye  to  the  sensitive  plate,  definitively  and  with  splendid 
success.  The  photography  of  prominences,  although  tried  on 
a  correct  principle  by  Professor  Young  in  1870,  remained  in 
an  abortive  experimental  stage  until  recourse  was  had  to  the 
device  of  isolating  the  K-line  of  calcium,  and  depicting  them 
in  this  single  element  of  their  light.  It  proved  applicable  u> 
facube  as  well,  and  in  one  minute  a  complete  picture  of  kbc 
disc  and  its  appurtenances,  as  shown  in  the  violet  ray  pro 
finely  emitted  by  them,  can  be  secured  with  the  spectrohelio- 
graph  whenever  the  sun  shines  on  either  side  of  the  Atlantic. 
The  very  name — "  spectroheliograph  " — of  the  instrument 
invented  for  the   purpose  comprises  a   history  of  changing 
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methods— -of  the  Bupersessiou  by  photography  of  eye-and-hand 
delineation,  and  of  the  replacement  in  turn  of  direct  photo- 
graphic portrayal  by  impressions  of  spectral  images. 
there  baa  been  a  corresponding  modification  of  ideas.  New 
conceptions  are  guiuing  ground,  not  through  the  broaching  of 
startling  theories,  but  under  the  steady  guidance  of  undeniable, 
and  often  surprising  facts. 

OoppWs  principle  waa  applied  by  Sir  Norman  Usikyer 
about  1870  to  meteorological  investigations  (as  they  might  be 
called)  in  the  stin.  Tfi  \  i  h»sed  the  not  infrequent  occur- 
rence there  of  portentous  cyclonic  agitations.  Distortions 
iUid  displacement*  of  the  hydrogen  lines  attested  the  rushing 
■f  incandescent  whirlwinds  at  speeds  up  to  2.10  miles  a  second. 
Much  has  yet  to  be  learned  regarding  these  extraordinary 
phenomena,  their  relationships  having  scarcely  received  the 
detailed  and  particular  attention  that  they  deserve.  Professm 
Young's  use  of  the  stirau  method  in  1 876  to  measure  the 
solar  rate  of  rotation  served  both  as  a  test  of  its  validity 
which  it  established  beyond  cavil,  and  as  a  prelude  to  im- 
portant refinements  in  the  treatment  of  that  intricate  subject* 
Notwithstanding  lU  anomalous  retardation  north  and  south 
from  the  equator,  H.  Dun  ex  obtained  in  1887-9  spectroscopic 
evidence  of  axial  movement  up  to  fifteen  degrees  from  either 
pole,  and  thereby  brought  a  widened  range  of  its  complexities 
under  observational  control.  Line-displacements,  too,  similarly 
produced,  have  become  the  standard  criterion  for  discriminat- 
ing between  the  genuine  solar,  and  the  merely  telluric  con- 
stituents of  the  Fraunhofer  spectrum ;  and  it  need  scarcely  be 
pointed  out  that  to  set  them  decisively  apart  is  a  pre-requisite 
to  solar  chemical  progress. 

Each  favourable  eclipse  since  1842  has  furnished  to 
science  its  quota  of  new  facts  and  inspiring  suggestions-  In 
1851,  the  solar  status  of  the  "sierra"  and  "  red  protuberances," 
demonstrated  in  1860,  was  recognised  by  all  except  a  few 
obstinate  sceptics.  In  1868,  the  hydrogen  and  helium 
spectrum  of  these  wonderful  objects  came  into  view ;  in  1869, 
the  green  coronal  ray  was  detected.  Then  on  22nd  December 
1870,  Young's  tangential  slit  was  momentarily  lit  up  by  the 
"  flash  spectrum  "  of  the  reversing  layer,  which,  after  twenty- 
six  years,  was  photographically  captured  by  Shackleton,  and 
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ho  became  the  subject  of  definite  and  critical  investigation. 
This  was  greatly  promoted  by  the  multiplied  records  of  it 
obtained  along  the  line  of  totality  which  crossed  India,  22nd 
January  1898.  The  cyclical  variation  of  coronal  type*,  in- 
dicated by  the  substitution  of  luminous  "  wings"  for  the  more 
familiar  "  glory,"  during  the  Rocky  Mountains  eclipse  of  29th 
•Inly  18*78,  was  verified  by  a  splendid  series  of  coronal  photo- 
graphs  taken  in  Egypt  in  1882,  at  the  Caroline  Islands  ami 
Grenada  in  1883  and  1886,  in  California  and  at  Cayenne 
during  the  January  and  December  totalities  of  1889,  at 
Novaya  Zeiulya  in  1896,  in  the  Deccan  in  1898,  in  Sumatra 
and  Mauritius  in  1901.  Sir  William  Huggins's  device  for 
photographing  the  corona  in  daylight,  invented  under  ihe 
stimulus  of  the  Nile-eclipse  disclosures,  unfortunately  remains 
in  abeyance.  Ita  realisation  is  a  prime  desideratum  in  solar 
physics. 

The  progress  of  science  in  this  branch  might  with  sub- 
stantial accuracy  be  described  in  the  condensed  statement  thai 
a  fabulous  luminary  has  made  way  for  a  working  machine — h 
machine,  it  is  true,  of  infinite  complexity,  yet  in  touch  with, 
although  transcending,  the  common  order  of  things.  Just 
here  reside  the  extreme  interest  and  value  of  such  inquiries. 
They  deal  with  what  is  concrete ;  they  can  be  pushed  on  by 
experiment,  but  by  BXpeiinBOt  always  straining  to  widen  its 
resources.  Limits  are  accordingly  pushed  back  little  by  little 
— limits  of  temperature,  of  rarefaction,  of  ethereal  stress  as 
manifested  by  electric  and  magnetic  intensity.  The  end  of 
the  process  is  not  within  view.  The  way,  arduous  though  it 
be,  lies  open,  and  is  securely  travelled  by  those  who.  relying 
on  the  unity  and  continuity  of  nature,  confidently  hope  to 
attain  by  it  to  the  knowledge  of  higher  truths. 


tbb  n. 

unKMIfttET   Of  TBX   SUV. 

JCso\vucik:k  of  solar  cheuiifiuy  is  based  exclusively  upon  the 
aadvuis  of  solar  li^lit  It  advances  pari  pan*  with  the 
Interpretation  of  the  Ki.uuihofcr  lines.  And  by  their  inter- 
pretation is  sigmtied  the  process  of  identifying  them,  one 
by  eoe,  vriUi  tbfl  Eftjsj  of  known  substances,  made  to  glow 
artificial  1  j  in  the  laboratory.  They  are  the  characters  of  a 
script  in  ihc  inuin  decipherable,  and  already,  to  a  satisfactory 
extent,  deciphered.  Their  reversal  from  bright  to  dark  simply 
implies  that  thi»  prismatic  background  upon  which  they  are 
projected  represents  a  hotter  source  of  radiation  than  theirs. 
In  other  words,  the  temperature  of  the  photosphere  is  above 
that  of  the  ignited  vapours  through  which  its  light  is  sifted, 
and  by  which  it  ia  selectively  absorbed. 

Fraunhofer'a  survey  of  the  solar  spectrum  was  necessarily 
confined  to  its  visible  section,  and  was  executed  with  very 
imperfect  appliances.  Yet  the  lines  laid  down  in  his  map 
had  the  importance  of  permanent  landmarks.  The  following 
ia  a  list  of  the  chief  among  them,  their  wave-lengths  on 
Rowland's  scale,  and  the  chemical  origins  ascertained  for  them, 
being  added : — 


A 

B 

c 

Di 

D. 

B, 

r 

G 

H 
K 

Wavs-Iength  In  tn- 

millionth*  of  a  millimetre.                Origin. 

7604-050  (upper  edge  oft 

i  bond) 

Terrw  trial  oxygen 

6867 '481 

n              1 1 

ii             •• 

6563 -054 

Hydrogen 

6806156 

Sodium 

6800-182 

■i 

6270-405 

Iron 

6188702 

Magnesium 

Hydrogen 

4881-408 

4808  034 

Iron 

8088-820 

Calcium 

21 


22 
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The  first  and  Inst  lines  in  this  table  approximately  define 
the  range  of  dispersed  sunlight.  vMbb  to  ordinary  eyes.  It, 
intends  "vn  uiMiIy  an  m-t.ivr  .  and  a  higher  lulf-<*  l:ivr  U  Hm 
ultra- violet  is  disclosed  photographically.  The  infra-red, 
however,  offers  a  far  vaster  bcojm-  tor  exploration.      Using  a 

■  holographic"  method,  in  which  the  camera  registers  what  the 
bolometer  !  /eels,  Professor  Langley  has  surveyed  a  stretch  of 
djrk  radiations  eight  times  longer  than  the  bright  strip 
mapped  by  Fraunhofer  ;  nor  was  his  advance  downward  in  the 
spectrum  checked  by  any  insurmountable  barrier.  There  is, 
indeed,   much    probability    that    long    heat-waves  and    short 

■  Hertzian  "  waves  are  really  indistinguishable,  and  that  the 
luminous  spectrum  passes  without  a  break  through  the 
thermal  into  the  electric  spectrum. 

In  the  ultra-violet  region,  on  the  other  hand,  a  per- 
emptory stop  is  put  to  research  by  the  interposition  of  the 
air.  It  excludes  by  absorbing  ether- waves  shorter  than 
about  X  2930.  Coruu  found  sunlight  to  be  arrested  just  ut 
this  [Ktint.  Sir  William  Muggins  fixed  the  limit  fur  the 
photographic  spectrum  of  Vega  (o  Lyrae)  at  X  2970.*  It 
does  not  fluctuate  with  meteorological  conditions.  Dampness 
and  drought  are  equally  ineffective  in  shifting  the  atmospheric 
barrier  against  the  entry  of  quick  vibrations.  Cornu  ascer- 
tained in  1SS1  8  thai  it  is  affected  only  by  the  height  of  the 
barometer.  Nor  is  the  reduction  of  impermeability  through 
ascent  above  the  earth's  surface  nearly  as  great  as  it 
would  be  if  aqueous  vapour  were  the  producing  agent. 
That  oxygen  is  chiefly  concerned  is  rendered  certain  by 
converging  proofs.  Nitrogen  seems  to  be,  in  this  respect 
as  in  others,  nearly  inert. 

The  general  enfeeblement,  by  transmioafBO  through  our 
atmosphere,  of  the  violet  and  blue  sections  of  sunlight  beoocnee 
obvious  in  the  redness  of  the  sinking  sun.  On  tin'  l«>wer 
radiations  telluric  absorption  acts  more  specifically.  They 
an*    interrupted   by   a    multitude    of   dark    bands    and   lines 

1  Tli<  ni'lii 'itiuna  of  th»  foamiful  instrument,  v  Licit  depend  upon  tbc 
efcugM  of  electrical  rwistaare  iu  a  atrip  of  platinum,  produced  by  difterrncct  of 
taeaperature,  in  belieYeil  to  bo  reliable  id  oac-huDilird- millionth  of  a  depot 
oeotijrrade.     Ungley,  f*U.  Mag.  July  1901,  p.  1X3. 

«  /**.  RyytlSsdMy,  vol  xlri  p.  134. 

1  Journmi  <U  /'Ayeifw,  t  i   j-  Ifl, 
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certainly  referable  to  it.  The  question  a*  to  the  terrestrial 
or  solar  origin  of  such  effects  is  evidently  of  fundamental 
importance  to  solar  chemistry.  It  can  be  answered  in  two 
distinct  ways.  The  earlier  and  simpler  method  is  by  compar- 
ing the  spectra  of  the  high  and  low  sun.  The  grooving* 
thai  gain  strength  with  approach  to  the  horizon  stand 
self-declared  as  atmospheric,  while  lines  unaffected  by  altitude 
tell  plainly  of  CBObfe  eontHtimm.  The  biltrr  class  are  much 
the  more  numerous.  Of  3200  lines  mapped  by  Thollon, 
2090  are  purely  eolar,  866  telluric,  and  246  of  con  pound 
production.1  And  the  proportion  is  not  very  different  in 
Dr.  Becker's  catalogue  of  3637  spectral  lines,  published  in 
1890*  Amonj^  them  928  came  out  blackened  in  "  low-sun  " 
observations,  and  proved  in  the  main  due  to  the  selective 
absorption  of  water  -  vapour.  A  considerable  proportion, 
indeed,  belonged  to  the  ■  rain-band.'"  and  varied  hygroscopie- 
ally.  Dry-air  absorption  is  almost  exclusively  nu  oxygon 
product.  It  Lakes  effect  chiefly  in  tliree  wide  hands,  Kraun- 
hofer'a  ■  A  "  and  "  B  °  and  Angstrom's  ■  a,"  nil  relieved  against 
a  crimson  background.  They  are  characteristic  of  cool 
ozjgen.  The  molecules,  whose  vibrations  they  in  n  manner 
reriect,  are  broken  up  at  high  temperatures.  They  survive, 
however,  the  liquefaction  of  the  gas  at  —  181°  C.  Professors 
Liveing  and  Dewar  observed  the  atmospheric  A  and  B  in 
light  that  had  been  transmitted  through  three  inches  of  this 
frigid  fluid.'  The  rhythmical  flutings  composing  the  former 
are  shown  in  Plate  II.,  from  a  photograph  by  Mr. 
McClean.  The  work,  of  which  it  is  a  specimen,  portrays 
the  solar  spectrum  in  seven  sections,  from  D  to  below 
A  (X  5800  to  X  7700),  the  dispersion  having  been  effected 
by  means  of  a  Rutherfurd  grating  of  17,296  lines  to 
the  inch. 

Fig.  1  gives  a  general  view  of  the  atmospheric  spectrum, 
so  far  as  it  can  be  seen,  but  it  is  largely  invisible.  Langley 
found  the  immense  tract  of  the  heat  spectrum,  down  to  wave- 
lengths of  nearly  six  "microns"4  thronged  with  "cold  "  rays, 

1  Cortif,  Astronomy  and  Astrophysics,  vol.  xL  p.  3PB. 

*   Trans.  Royal  Socuty  of  Edinburgh,  vol.  xxxvi.  |»rt  i. 

*  rhil.  Mag.  AuffUit  1892- 

•  A  micron  =  one-thoui*mkh  of »  imlliraetr*. 
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652  of  which  '  wore  accurately  determined  from  "  holographs,' 
but  remain,  with  few  exceptions,  chemically  unidentified. 


»* 


Mif    m i 


i  M)  L.  ~'i«ocnfci  Vi#w  of  AUnopberic  Spatftnui  (BeWi^i'M  A0nm>imin4 
Sp-im+upy,  trail. u»t*d  by  K;o»tV 

Fig.  2  reproduces  Langley's  drawing  of  part  of  the  infra-red 
spectrum.  Tim  blank  strip  to  the  left  shows  tho  comparative 
brevity  of  the  visible  part  of  the  scroll.  The  invisible  part 
includea  the  distinctive  signature  of  one  other  atmospheric 
constituent  besides  oxygen  and  water  -  vupour.  Two  strong 
bands  in  the  infra-red  are  assigned  by  Knut  Angstrom  to  the 
absorption    of  carbon    dioxide,9  a    substance    of  which    four 


fu»  1.—  The  lnfm-R*tl  8prctnun  (lAnglqr). 

i 

volumes  arc  ptuatfltl  iu  ten  thousand  of  air  at  sea- level  The 
huge  nitrogen  envelope  of  our  globe,  together  with  its  argon- 
ingredient,  appears  to  be  perfectly  transparent  to  rays  of  all 
refrangibilities.  The  unexplained  fact  of  its  spectral  nullity 
emphasises  the  inadmissibility  of  negative  conclusions  regarding 
the  chemistry  of  the  heavenly  bodies. 

The  secoud  peculiarity  which  distinguishes  telluric  lines  is 
a  negative  one.  They  do  not  shift  as  the  sun  rotates.  But 
lines  genuinely  emanating  from  the  equatorial  edges  of  the 
sun  are  displaced  towards  the  blue  by  the  advancing  move- 
ment of  the  left  or  eastern  limb,  towards  the  red  by  the 
reoessiou  of  the  western  limb.  The  juxtaposition,  accordingly, 
of  spectra  from  these  two  opposite  sources  serves  as  an  un- 
failing test  of  tho  origin  of  their  constituent  markings,  those 
claimed  by  the  nun  being  perceptibly  notched  at  the  points  of 
junction,  while  their  telluric  associates  run  on  continuously. 

*  Amiali  ttf  tk*  Snitkmnimm  AMropKymtmi  W+rr%<<tl»fy,  vol.  L  ]•-  1  H 
■  Tran*.  Am*M  AcmL  </ Sc(mm*,  IS  SO ;  Joum.  <U  X%ytup*4t  ttp.ir. 
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Little  has  been  added  to  knowledge  of  the  euu'ft  con- 
stitution by  researches  in  the  infra-red  {vart  of  the  spectrum. 
They  are  as  jpj|  crippled  by  the  lack  of  metallic  comparison - 
lines.  Sir  William  Abney  obtaiued  in  1379  a  modifica- 
tion of  bromide  of  silver  sensitive  to  slow  heat-vibrations, 
and  thus  succeeded  in  directly  photographing  the  solar 
spectrum  between  the  wave-lengths  \  7600  and  X  10,750. 
Of  590  absorption-lines  measured  by  him  in  this  region 
in  1H80,1  ouly  an  insignificant  fraction  have  been  identi- 
fied. AH  those  belong  to  metals  with  low  melting- 
points.2  Fuidtri,  certain  tmnds  which  Becquerel  succeeded 
in  rendering  visible  by  phosphorescence  proved  assignable  to 
MgMMBB  OatetOa  OdfeUH  Ud  pOfeMatBflt1  Ddl  NnlW 
Uon  of  the  presence  in  the  sun  of  potassium  was  far  horn 
Mjperflunus,  as  only  one  lino  due  to  it  can  ordinarily  be  seen. 

Tbe  recent  era  in  solar  chemistry  may  )m  said  to  date 
from  Itowlands  production  of  a  perfect  screw  in  1882.  This 
minor  feat  of  lugtUUlkJ  opened  the  way  for  vital  improve' 
meats.  Through  its  means,  gratings  ruled  with  almost  ideal 
regularity  became  widely  available,  aud  the  dUfioultie* 
impeding  the  difTVactive  mode  of  light-analysis  were  removed 
or  diminished.  Now  observations  are  mutually  comparable 
only  when  tho  absolute  wave-lengths  of  the  observed  rays 
are  known ;  and  they  are  derivable  immediately  from  the 
diffraction  spectrum,  while  in  the  refraction  spectrum  several 
complicating  circumstances  come  into  play.  Hence  the  supreme 
value  of  gratings.  For  in  the  spectra  afforded  by  them  the 
positions  of  rays  depend  simply  and  solely  upon  the  distance  from 
crest  to  crest  of  the  minute  ethereal  undulations  they  represent 

Rowland 's  photographic  map  of  the  solar  spectrum  *  was  a 
document  in  advance  of  the  time.  The  amount  of  detail 
shown  in  it  may  be  exemplified  by  the  statement  that  150 
lines  of  absorption  could  be  separately  reckoned  between  H 
and  K,  the  great  calcium  pair  in  the  violet.  No  comparable 
delineations  of  terrestrial  spectra  (apart  from   that  of  iron) 

1  na.  TVoiu.  toI.  clxxrii.  p.  457.  ■  Ibid.  p.  462. 

*  Wi.irmmnn'i  AnnaUn,  ltd.  xlvii.  p.  208  (1692).  Sm  aluo  K.  P.  Uwitfi 
important  invattigitioni  of  "The  Wire-Lengthi  of  Infra-Hod  Line*,"  A*r.  Ph. 
Journal,  vol.  ii.  p.  1. 

*  Pnbluhad  is  iu  enlarged  form  in  1889. 
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were,  however,  then  extant ;  coincidences  between  the  rays  in 
them  and  Fraunhofer  lines  might,  accordingly,  be  often 
apparent  only,  and  devoid  of  chemical  significance.  Dr. 
Scheiner  gave  expression  to  a  general  .sense  of  discouragement 
when  he  wrote  in  1890:  "  It  is  unfortunately  the  case  that 
leas  ia  known  to-day  as  to  the  meaning  of  the  Fraunhofer 
lines  than  was  supposed  to  be  known  ten  years  ago." ' 

The  need  for  fresh  efforts  was,  however,  promptly  met. 
Photographic  investigations  of  metallic  spectra,  fully  coming 
up  to  the  new  standard  of  accuracy,  were  set  on  foot,  among 
others,  by  Kayser  and  Kuuge  at  Hanover,  by  Haseclberg  at 
Stockholm,  above  all,  by  Rowland  and  his  coadjutors  at  the 
■Tonus  Hopkins  University.  Here  the  spectra  of  nearly  all 
the  chemical  elements  have  been  photographed  with  high 
dispersion  for  the  purpose  of  Bolar  comparisons.  And  the  end 
of  the  process  is  well  within  view.  Measurements  have 
already  been  carried  far  enough  to  give  a  multitude  of 
identifications.  Between  1895  and  1897  Professor  Rowland 
published  in  the  ARtTtrphysir.nl  Journal  a  "  Preliminary  Table 
of  Solar  Wave-lengths."  extending  from  \  73:51  to  X  2976 — 
that  is,  from  dusky  crimson  up  to  the  highest  ultra-violet  ray 
capable  of  penetrating  the  aerial  Imrrior.  He  unhappily  did 
not  live  to  make  the  list  definitive  ;  but  it  comprises,  as  he 
left  it,  nearly  20,000  lines,  about  a  third  of  which,  by  a 
rough  estimate,  may  tie  confidently  referred  to  absorption  by 
various  terrestrial  substances.  These  are  enumerated  below, 
according  to  the  number  of  linea  associated  with  them  in  the 
sun.  The  corresponding  atomic  weights  are  given  in  a  second 
column. 


Rowlaxd'b  Tajilk  of  Solah  Elemknts. 


EUruonU 
Iron  (about  2760  linr-<'<»nei<!enoM) 
Nickel 
Tii.miiiiii 
Maugueae 
Chromium 
CoUlt 

Carbon  (about  I 
Vanadium 
Zirconium 


Atomic  Weight. 
56 
58 

46 

56 
61 
69 
11 
61 
65 


1  Ih*  Spetrmlmmti* <Ur  Q^Urnt,  p.  177. 
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BOMt 

Atomw  Wsiglit 

1   .riMiu 

140 

Calcium  (ov«  76) 

1(1 

Scandium 

44 

Nsudymimii      .... 

U0 

Ijinthanum 

139 

im 

BB 

HWrisa          .... 

94 

U<  IvMrmuu 

00 

Palladium 

106 

M«j.'uuittitn  (about  24  coincident  lines)  - 

24 

Sodium  (13)      . 

W 

Silicon 

u 

Hydrogen 

I 

Btmttn 

87 

Barium 

137 

AUminiuru 

27 

Cadmium 

IIS 

KUotlitun 

103 

Krlnuiu 

i.;;: 

Zinc     . 

08 

Copper (2) 

83 

SilPf r  (S) 

108 

(Slucinum  (2>   . 

0 

Germanium 

71 

Tto     - 

117 

LMd  (1) 

807 

PoUMium  (1)    . 

39 

Of  the  following  substances  no  traces  could  be  found   in 
the  solar  spectrum  : — 


Element. 

Atomic  Weight 

Antimony          .... 

120 

Arsenic                .... 

76 

Bismuth              .... 

208 

Boron   ..... 

11 

<;**iuni                  .... 

133 

<)old     ..... 

197 

Indium 

113 

Lithium            .... 

7 

Mercury              .... 

Nitrogen  (vacuum  tube) 

Phosphorus        .... 

Praseodymium  .... 

Rubidium 

200 
14 
31 

144 
85 

Selenium 

79 

Sulphur              .... 
Thallium 

32 

232 

28 
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Argon  may  now  l>e  included  among  the  non -apparent 
•dements,  and  the  presence  in  the  sun  of  platinum  and  the 
metals  cognate  with  it  is  still  an  open  question.  A  metal 
belonging  to  a  very  different  class  was  added  Lo  the  number 
of  solar  ingredients  by  Messrs.  Hartley  and  Itamage  in  1897.* 
They  convincingly  identified  two  blue  rays  of  gallium  with 
Fraunhofor  lines,  pointing  out  that  the  proportion  to  iron  of 
the  new  metal  indicated  as  existing  in  the  reversing  stratum 
was  by  weight  only  one  to  thirty  thousand  This  accords  well 
with  its  terrestrial  relations.  Gallium,  discovered  by  IJois- 
haudrin  in  1875,  seems  to  be  widely,  but  very  minutely, 
diffused  throughout  tho  earth's  crust  It  occurs  also  in 
meteorites.  It  has  an  atomic  weight  of  70,  is  singularly 
volatile,  and  melts  almost  as  readily  as  butter. 

No  substance  has  been  more  eagerly  looked  for  in  tin-  BOH 
thai  oxygen.  But  the  search  was  long  in  vain.  Henry 
Drapers  recognition,  in  1877.  of  Wig)U  linos  of  oxygeu  in  the 
solar  spectrum  created  a  sensation,  but  proved  illusory.  I.  C. 
Draper's  dark  lines  were  a  still  less  plausible  person 
Kisi^  .iNriTiuiiH'iI  in  1  S'.f  1  i.luu  Hunt' ill  t.lir  i'i^!)ty-OM«mtaton- 
liues  measured  by  himself  occur  in  the  solar  spectrum.2  Jaussen 
demonstrated,  by  observations  from  the  summit  of  Mont  Blanc, 
that  the  cool  oxygen -absorptiou  conspicuous  in  it  is  of  purely 
telluric  origin ;  *  and  his  conclusion  was  ratified  by  Dum'-rV 
application  of  the  motion-displacement  test.4  Oxygen,  BOW- 
BTver,  is  a  substance  of  most  complex,  and  perhaps  unstable 
molecular  structure.  No  leas  than  six  distinct  spectra  obflP- 
aeterise  it,  two  of  them  produced  at  low  temperatures,  and 
known  through  their  absorptive  effects  alone;  four  derived 
from  vacuum  tubes,  under  varying  degrees  of  electrical  excite- 
ment. Moreover,  one  of  these  forms  of  emission  is  a  series 
spectrum  of  the  most  intricate  kind,  comprising  six  different 
sets  of  harmonic  vibrations,  three  made  up  of  triple,  three  of 
single  lines.5  And  here  at  lust  a  significant  coincidence  was 
found.  A  triplet  in  the  red  part  of  the  Frauuhofer  spectrum, 
photognphad   by  Higgs  and    Mi  Clean,  was  in    1897  clearly 


1  Aitrvpkyrioti  Jwnt**,  vol.  if.  [*.  'ill. 

J  Attr.  and  .  1  jtfropAynei,  vol.  »ni.  p,  6M.  -tapta  JUndnt,  t  Cll.  \>*  411. 

■  AUr,  mmi  iW'^ymJ.  vul.  xiU.  p.  210. 

*  Rungc  tad  I'Mcbrn,  H'Udimmn*'*  AmwUm,  Bd.  hi.  ft  041    U«7). 
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identified  by  Range  and  Paschen  as  a  fundamental  oxygen 
group '  (soe  Vi#.  3).  The  representation  of  the  element, 
although  certain  aii<!  tut  hi  nti.:,  is  reduced  to  a  minimum 


M* 


Sm*4*>— 


r  ,  r  ,  i 


■^ 


a^w*—^ 


T   ,    f 


to.  1— OcriM'TnfUfU  in  Uw  ttolw  .-Spvctrcm  (JUrvpK  Jtmr*.  lot  |r.  k  u*> 

The  spectrum  of  helium,  which  i*  analogous  to  the  "  series 
spectrum"  of  oxygen,  makes  no  show  in  analysed  sunlight, 
hut  appears  Wghl  above  the  limb.  In  the  case  of  thin  sub- 
stance, moreover,  the  usual  order  of  detection  was  reverted. 
It*  recognition  an  a  chromoephcric  material  preceded  by  nearly 
•  (tartar  of  u  ceuturj  the  expoWM  in  IWrwr  KktittftJ^i 
laboratory  of  an  identical  Kan  from  clcvitc.  Kut  about  bsttu 
mow  will  lw  said  presently. 

bo  iar,  then,  thirty* nine  of  the  chemical  elements  are 
known  to  be  common  to  the  earth  and  sun,  and  the  remain- 
ing forty  may  very  well  be  so  likewise.  The  absence  from 
among  the  solar  ingredients  of  any  single  terrestrial  species  of 
matter  is  unproved,  and  perhaps  unprovable.  The  Fraunhofer 
spectrum  sums  up  the  combined  absorption  of  a  heterogeneous 
mixture  of  vapours.  But  the  aggregate  is  widely  different 
from  what  would  be  obtained  by  simply  adding  together 
the  separate  effects.  For  it  is  the  outcome,  so  to  speak,  of 
struggle  and  survival  In  a  medley  of  ignitsd  substances,  the 
rays  of  certain  among  them  predominate,  while  those  of  others 
are  effaced.  Thus  non-metals,  as  a  rule,  make  a  poor  figure 
in  the  spectral  competition  with  metals,  and  this  is  doubtless 
one  reason  for  their  inconspicuousness  in  the  sun.  Apart  from 
hydrogen,  the  properties  of  which  are  exceptional,  only  three 
metalloids,  silicon,  carbon,  and  oxygen,  contribute  to  produce 
the  Fraunhofer  lines,  and  their  contributions  are  feeble  and 

1  Attroph.  Jour*,  rol.  it.  p.  S17,  toI.  tL  p.  420.     A  teoond  triplet  is  also 
ptmiblr  pr—  nt,  bat  it  is  In*  obrioiu  th*u  the  tint. 


30  PROBLEMS  IN  ASTROPHYSICS 

fragmentary.  That  other  similar  substances — selenium,  sul- 
phur, nitrogen,  argon,  uud  thereat — may  be  there,  yet  —ff*pf 
no  perceptible  absorption,  is  amply  possible. 

Tlie  metals  themselves,  too,  differ  widely  as  regards  con* 
■  litious  of  visibility.  Some  are  rich  in  etroug  lines,  favourably 
situated  for  observation.  Iron  is  an  example.  It  emits 
thousands  of  rays,  widely  distributed  over  the  spectrum, 
although  most  crowded  in  its  higher  sections ;  and  they  hold 
iJuir  own  vigorously  against  the  adverse  influences  of  dilution. 
Again,  the  rare  metal  cerium  is  extraordinarily  prolific  of  blue 
rays.  No  less  than  400  were  measured  by  O.  Lohse  in  1897 
in  the  comparatively  narrow  region  between  X  4000  aud 
X  4600.1  Most  of  them,  however,  are  quite  feeble,  and  only 
twenty-nine  h;i\t  vet  been  identitied  as  Fraunhofer  lines 
Those  of  bismuth,  on  the  other  hand,  being  all  compound,  are 
too  diffuse  (as  Rowland  observes)  to  be  detected  in  sunlight 
Aud  most  of  the  radiations  of  lithium  are  so  highly  refrang- 
ible as  to  fall  under  the  bin  of  atmospheric  exclusion.  Their 
revered  m  the  solar  spectrum  can  thus  only  he  a  matter  of  infer- 
ence. That  the  inference  should  be  negative  is  suggested  by 
the  absence  of  a  strongly  characteristic  line  in  the  carmine 
red.  It  ought  to  be  readily  seen,  if  lithium  be  a  solar  con- 
stitueut.  Its  visibility  should  be  promoted  by  the  small  nt 
weight — only  seven  times  that  of  hydrogen — and  low  fusing- 
poinl  of  the  metal;  and  the  persistence  of  the  carmine  beam 
is  actually  shown  by  its  emergence  in  the  spectrum  of  the 
Bessemer  tlaine.  Yet  it  is  unlikely  that  lithium  is,  in  fact, 
missing  from  the  sun.     The  case  deserves  particular  attention 

Heavy  substances  are  obviously  at  a  disadvantage  as 
regards  the  production  of  absorptive  effects.  Their  vapours 
must  tend  to  lie  low,  like  carbonic  acid  in  the  earth's  atmo- 
sphere. Hence  the  average  lightness  of  the  solar  elements  is 
only  what  we  should  expect.  The  mean  atomic  weight  of  the 
thirty-five  metals  represented  in  the  Fraunhofer  spectrum  is. 
in  fact,  just  11,  while  that  of  the  non-apparent  metals  is 
159.  Atomic  weight,  however,  is  only  one  of  many  condition* 
affecting  this  result.  The  inclusion  of  lead-absorption  iu  the 
scroll,  and  the  exclusion  from  it  of  lithium,  sufficiently  p 
that  vapour-density  is  far  from  being  alone  concerned. 

1   Attrvph,  Journ.  vol.  Vi.  ]>.  tOl. 
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The  detection  of  carbon  in  the  ami  wn»  difficult  aud 
noteworthy.  Originating  with  Sir  Norman  I-ockyer  in  1878,' 
it  ws»  ratified  by  Trowbridge  and  Hutching  in  1887,*  and  6tilJ 
awn  decisively  i»"  year,  Uwr  by  Row  bind.  It  was,  and 
eoald  only  have  been  marie,  photographically.  The  visible 
carbon  bands  arc  bnrely  dise/irnihle  in  the  Fraimhofer 
spectrum.  One,  however,  in  the  ultra-violet  [hliginilillf  at 
X  3883)  cornea  ont  unmistakably  on  sensitive  plates.  It  is 
da**,  Auuurding  to  the  bent  authorities,"  not  to  elementary 
carbon,  but  to  cyanogen — that  is,  to  eurbon  in  its  combination 
with  nilrogen.  The  fact  is  not  easy  to  explain  No  other 
compound  tiody  is  known  to  exist  in  the  sun  ;  and  it  might 
Lave  boun  judged  <i  priori  iin]»06sible  that  any  could  prove 
aiBfthl'  t  !'-i.*iiii:  UN  tti'WT'VH  tatBponjtue  Nfgiiin^  ik«i 
the  pbotoephcrc.  Sir  Norman  Lockyer  attempted  to  get  rid 
of  the  anomaly  by  locating  the  absorbing  ryauogen  in  coronal 
regtnm,  where  relative  coolness  must  prevail ;  but  recent 
obnrvations  point  rather  to  iU  preaence  as  a  shallow,  deep 
lying  •tratuiu.  It  is  certain,  moreover,  that  the  liue-spettn:n. 
derived  from  free  carbon  through  the  exciting  influence  ol  I 
powerful  electric  spark  haa  no  counterpart  in  the  suu.  We 
an  then  hound  to  admit,  at  leant  provisionally,  that  the  ultra- 
violet  solar  band  genuinely  indicates  absorption  by  cyanogen. 
There  is  a  further  complication.  The  green  fluting,  a  few 
Mkreds  of  which  were  measured  by  Rowland  among  the 
Fraunhofer  lines,  makes  part  of  the  typical  hydro-carbon 
spectrum  given  primarily  by  acetylene.  The  whole  subject  is 
indeed  thick-set  with  embarrassing  considerations ;  they  need 
careful  sifting  out.  Carbon  molecules  are  remarkably  sensitive 
in  their  modes  of  vibration,  four  of  which  have  been  separately 
distinguished.4  The  conditions,  however,  prescribing  the 
replacement  of  one  by  another  are  still  in  large  measure 
obscure.  Temperature  is  concerned,  but  it  is  not  alone 
concerned  ;  density,  admixture  with  foreign  substances,  per- 
haps variations  of  electrical  state,  come  into  play.     Yet  the 

1  Pnc—dingt  Royal  Society,  vol.  xxrii  p.  308. 
1  American  Journ.  of  Science  toI.  xxxir.  p.  348. 

1  K»y»er»nd  Rung*,  W\*L.  AnmaUn,  ltd.  xxxriii.  p.  80;  Craw  aad  Buqtua, 
Attropk.  Journ.  to).  iL  p.  1 03. 

*  Hartkv,  Proc.  Royal  Socioty,  »o1.  It.  |>.  348. 
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broad  certainty  has  been  gained  that  carbon,  ill  one,  if  not  in 
several  of  its  many  forms,  exists  in  the  photospheric  neigh- 
bourhood. And  this  has  an  important  bearing,  nob  only 
upon  theories  of  the  solar  constitution,  but  also  upon  ques- 
tions of  great  interest  regarding  solar  relationships  with 
the  stars. 

Professor  Rowland  disbelieves  in  any  fundamental  differ- 
ence between  solar  and  terrestrial  chemistry.  The  earth, 
heated  to  the  solar  pitch,  would  give,  tie  atlirms,  a  spectrum 
virtually  identical  with  that  of  the  sun.  Yet  we  cannot  well 
ignore  evidences,  apparently  valid,  of  some  real  diversity. 
Even  if  all  our  "elements."  without  exception,  are  found  in 
the  sun,  they  are  unlikely  to  occur  in  the  same  proportions 
there  as  here;  quantitutict,  if  not  qualitative  dissimilarity 
must  be  recognised.  Thus  certain  metals,  so  scarce  that 
their  ores  rank  as  mineralogical  curiosities,  produce  marked 
effects  of  absorption  in  the  sun.  Zirconium,  yttrium,  cerium, 
lanthanum  may  be  instanced.  Titanium  and  vanadium  are 
inultitudinously  represented  in  the  solar  spectrum.  Haasel- 
berg  ascertained  for  the  former  substance  in  18'J6  no  leas 
than  562  coincidences  with  Kraunhofer  lines  out  of  a  total 
of  718  photographed  by  him  from  the  metal.*  On  the  exclusion 
of  the  feeblest  rays  on  his  plates  as  being  of  quite  uncertain 
origin,  the  percentage  of  agreement  rose  to  83  per  cent.  The 
Swedish  epectroscopist  might  well  claim  that  ■  the  presence 
of  titanium  in  the  solar  atmosphere  is  confirmed,  with  even 
-up  -rthious  evidence,  by  these  investigations." 

Vanadium — first  registered  as  a  solar  constituent  by  Sir 
Norman  Lockyer — might  be  called  the  satellite  of  titanium. 
Where  one  is,  the  other  is  sure  to  be  not  far  oft!  Hosselherg's 
recent  discovery  of  vanadium  in  the  Scandinavian  mineral 
rutile" — a  form  of  titanic*  acid — accentuates  the  relationship. 
Both  occur,  too,  although  very  scantily,  in  lead  and  iron  ores, 
and  just  traceably  in  trap  and  basalt.  This  close  association 
may  be  accounted  for  by  inherent  resemblance.  The  atomic 
weight  of  titanium  is  48,  that  of  vanadium  51.  Both 
are  eminently  infusible.  They  share  the  unusual  peculiarity 
of  exhibiting  a  strong  high-temperature  aflinity  for  nitrogen.* 

>    **■■>   Jmtm.  vol.  If.  p.  235.  *  /M.  *..l.  *  |>.  1»4. 

1  Moiinii,  U  Four  Zi«*riqui,  pp  157,  241. 
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They  exemplify,  moreover,  a  transitioustage  from  metals  to 
titanium  approximating  to  sJtJQOB,  vanadium  to 
Both,  it  may  be  added,  have  been  detected  in 
A  large  proportion  of  the  numerous  rays  emitted 
by  vanadium  an  reversed  in  the  son,  bat  somewhat  faintly 
except  in  cases  of  special  disturbance,  and  with 
we  are  not  at  present  concerned.  It  is  worth  remarking 
titanium  and  vanadium,  notwithstanding  their  near 
kinship,  physical  and  chemical,  show  no  coincident  spectral 
lines.  In  these  twin  elements,  if  in  any,  a  ^^wwi  material 
— hsrratom  might  be  looked  for.  There  is  not  the  slightest 
sign,  however,  that  it  exists. 

The  new  metal  germanium  is  an  obvious  solar  constituent ; 
yet  ft  only  httk$  in  one  uncommon  terrestrial  product 
Winkler  recognised  it  in  the  mineral  argyrodite  in  1886. 
And  the  son  appears  to  be  much  richer  than  the  earth  in 
Sir  William  Crookes  s  ■  meta-elements." l  The  number  of  these 
is  almost  indefinite ;  their  individualisation,  resting  upon  the 
dubtrras  principle,  M  one  band,  one  element,'"  is  often  imperfect 
or  ■islanding;  and  many  of  the  evasive  substances,  ranked 
for  a  time  as  separate  entities,  have  failed  to  make  good  their 
footing,  and  relapsed  into  the  condition  of  "  sub-aggregates  of 
atoms."  The  chemistry  of  "  rare  earths  "  has  of  late  assumed 
a  kind  of  departmental  importance.  It  began  in  1794  with 
the  extraction  by  the  Finnish  chemist  Gadolin  of  "  yttria " 
from  a  jet-black  material  picked  up  at  Ytterby,  near  Stock- 
holm. "  Ceria,"  detected  in  1803  in  the  "  heavy  stone  "  from 
Bastnas,  was  named  after  the  first  asteroid ;  "  lacthana," 
obscurely  associated  with  it,  came  to  light  in  1839  ;  "  didymia," 
"  terbia,"  " erbia,"  successively  followed.1  The  opening,  in 
1878,  of  a  fresh  and  fairly  abundant  source  of  supply  in  the 
American  mineral  samarskite  started  vigorous  inquiries  into 
the  nature  of  these  remarkable  bodies ;  and  Cleve  enumerated 
in  1895  nine  fully  characterised  metallic  bases,  most  of  them 
emitting,  under  electrical  excitation,  a  brilliant  array  of 
spectral  beams.  The  nine  "  rare "  metals  are  scandium, 
yttrium,  lanthanum,  cerium,  erbium,  praseodymium,  samarium, 
gadolinium,  and   ytterbium.     The   first  four  absorb  strongly 

1  Journal  Cktmieal  Socuty,  1887,  vol  W.  p.  284. 

1  Clere,  Trent.  CHmn.  Socuty,  1895,  p.  470. 
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in  the  sun,  where  the  presence  of  erbium  and  of  neodymiuni, 
a  constituent  of  the  original  didymium,  is  also  evident. 
Twenty-two  additional  meta  ■  elements  swell  Sir  William 
Crookess  "suspense  account,"  but  only  a  minority  are  ut 
.ill  likoly  to  obtain  ultimate  recognition  as  substantive  forms 
of  matter.  Perhaps  the  surest  test  of  their  quality  will  be 
found  in  the  appearance  among  the  Fraunhofer  lines  of  their 
characteristic  emissions.  Those,  at  any  rate,  of  terbium, 
holmium,  and  thulium  should  be  carefully  looked  for. 

The  light  of  glowing  metallic  vapours  tends,  as  we  have 
seen,  to  suppress  or  efface  the  rays  of  non-metals.  Professor 
Trowbridge  made  some  experiments  in  1896  with  a  view  to 
determining  the  conditions  of  obliteration.  Photographing 
on  a  single  plate  the  spectra  of  pure  carbon  and  of  an  electric 
arc  between  carbons  containing  28  per  cent  of  iron,  he  found 
that  the  iron  ingredient  sufficed  very  nearly  to  wipe  out  the 
carbon  bands  in  the  arc.1  ■  This  proportion,  therefore,  of  iron," 
he  remarked,3  "  in  the  atmosphere  of  the  sun,  were  there  no 
other  vapours  of  metals  present,  would  l>e  sufficient  to  prevent 
our  seeing  the  full  spectrum  of  carbon."  An  interesting 
illustration  was  thus  afforded  of  a  fundamental  principle  in 
solar  interpretations.  The  principle,  indeed,  has  scarcely  yet 
begun  to  be  applied.  Hitherto  the  absorptive  effects  of  each 
of  the  forty  substances  vaporised  above  the  photosphere  have 
been  considered  apart.  But  they  are  not  independently  pro- 
duced They  are  often  profoundly  modified  by  extraneous 
action.  A  systematic  investigation  of  the  various  modes  in 
which  it  comes  into  play  is  desirable,  although  likely  to  prove 
arduous.  "There  is  at  the  present  time,"  Dr.  Ames  wrote  in 
1895,s  "no  more  fruitful  field  open  to  research  than  that  of 
the  study  of  the  influence  of  the  presence  of  one  substance 
upon  the  spectrum  of  another."  And  Mr.  Percival  Lewis's 
recent  treatment  of  the  subject  has  had  the  preliminary  result 
of  showing  that  "  very  small  traces  of  an  impurity  in  a  gas 
may  cause  considerable  changes  in  its  spectrum,  whether  this 
impurity  be  chemically  active  or  not."1      The  changes,  too, 

1   What  i$  ZUetricity?  p.  SOfi. 

*  Amir,  Journ.  q/"  Sci*nof,  roL  i.  p.  881,  4th  Miiftft. 

1  Adtvfh,  Jourtu  vol.  i.  p.  89. 

•  Ibid.  vol.  i.  p.  101. 
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it  wra  perplexing.     They  are  goremed  by  do  tmce- 
depaoding  apparently,  is  each  owe,  apon  intimate, 
to  as  unknown,  molecular  relatione  with  electricity .'     The 
explanation  of  their   anomalies  is   evidently  needed  for  the 
fatal*  laugms  of  eolar  chemistry. 

•  ft.  A.  fV«r.    In^i  Am  wL  rr.  p.  »1. 
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The  solar  spectrum  is  densely  thronged  with  unidentified  lines. 
Of  these  upwards  of  twelve  thousand  have  been  measured  and 
registered,  but  lack  chemical  interpretation.  They  are,  how- 
ever, on  the  way  to  receive  it.  Their  recognition  will  doubt- 
less attend  the  gradual  progress  of  acquaintance  with  metallic* 
spectra.  Thus  cerium,  scandium,  and  other  bases  of  "  rare 
earths "  may  satisfactorily  account  for  a  considerable  propor- 
tion of  them,  these  substances  emitting  crowds  of  rays,  as  yet 
only  in  part  recorded.  But  besides,  say,  twelve  thousand 
catalogued  "  unknown  "  lines,  an  inestimable  number  remain 
unnoticed.1  They  are  still,  as  it  were,  "  in  the  street  "  ;  they 
have  not  been  admitted  even  to  the  antechamber  of  science ; 
the  preliminary  steps  to  their  identification  have  not  been  taken. 
They  will  of  course  be  taken  in  due  time,  little  by  little,  as  the 
photography  of  the  Fraunhofer  spectrum  is  brought  nearer 
to  perfection  j  and  to  many  of  them  chemical  meanings  full 
of  interest  will  certainly  be  assigned.  Nevertheless,  it  can 
scarcely  be  expected  that  the  significance  of  all  can  ever  be 
made  plain.  To  the  very  end,  probably,  a  residuum  will  keep 
the  secret  of  an  origin  due  to  forms  or  conditions  of  matter 
strange  to  terrestrial  experience. 

That  the  type  of  the  sun's  spectrum  becomes  modified  iu 
the  course  of  ages — that  it  has  been,  and  will  again  be 
different  from  what  it  now  is — may  be  admitted  without 
hesitation.  But  this  evolutionary  change  is  effected  imper- 
ceptibly at  more  than  millennial  leisure.  It  might,  however, 
have  been  expected  that  transient  alterations  would  manifest 
1  Fowler,  K%ovUdy9,  roL  ixiiL  p.  11. 
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erased  by  tumultuous  movements  in 
the  "revesting  layer"  or  connected,  possibly,  with  periodieel 
ortfcsetfa  of  ipots  and  prominences.  Yet  almost  none 
of  tide  definite  end  obvious  character  have  been  noticed. 
Only  a  few  Usee  may  be  set  down  as  somewhat  vaguely  and 
indeterminately  variable.  To  take  a  few  examples.  In  1891 
Father  Sidgreeves  of  Stonyhurst  obtained  several  photographs 
of  the  group  b  (magnesium  and  iron)  in  the  green  part  of  the 
ayeefc—  They  showed  with  excellent  definition  more  faint 
lines  than  are  contained  in  Rowland's  or  ThoUon's  maps ;  yet 
one  relatively  strong  in  them— M  Winloek'e  No.  17"— was  barely 
discernible.1  This  indication  of  change  does  not  eeem  to  have 
been  followed  up.  Again,  Sir  Norman  Lockyer  noted  in  1878 
the  disappearance  of  a  sino  line  in  the  red  (Angstrom 
X  636116),  which,  nevertheless,  was  seen  as  usual  in  1878, 
and  has  not  since  been  missed.1  The  most  recent  in- 
stance of  the  kind  was  vouched  for  from  Baltimore.  To  a  faint, 
lightly  nebulous  line  of  unknown  origin  in  the  ultra-violet 
(X  8719*796)  Rowland  attached  the  note,  "Variable,  though 
net  atmospheric."  Jewell  *  describee  it  as  situated  within  the 
shading  of  a  strong  iron  line,  and  as  "quite  distinct  upon 
some  plates,  while  not  visible  upon  others  showing  lines  closer 
to  the  iron  line,  and  much  weaker  than  the  variable  line,"  as 
it  originally  appeared.  It  has  also  been  photographed  in  an 
intermediate  condition,  so  that  its  fluctuations  of  intensity 
may  be  said  to  be  ascertained,  although  their  lav/  and  cause 
remain  wholly  obscure.  The  only  hope  of  learning  anything 
about  these  is  by  continuous  and  minute  observation,  which 
should  extend  to  other  suspicious  cases  of  the  same  kind. 
Certain  interesting  questions  might  thus  be  answered.  For 
instance,  are  the  alleged  alterations  connected  effects  of  some 
general  disturbance,  or  do  they  occur  sporadically,  each  on  its 
own  account  ?  Can  they,  in  any  way,  be  brought  into  relation 
with  the  spot  cycle  ?  Are  they  visible  in  light  taken  indis- 
criminately from  all  parts  of  the  sun,  or  are  they  confined  to 
special  localities  ?  These  may  serve  as  specimens  of  the 
inquiries  suggested  by  phenomena,  perhaps  none  the  lees 
significant  for  being   inconspicuous.      With    the    camera    at 

1  Aatr.  and  AttrtrjJiyncs,  toL  x\.  p.  7».  *  Cortie,  ibid.  p.  591. 

•  AMroph.  Joum.  vol.  iii.  p.  106. 
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hand  the  task  of  daily  comparison  becomes  easy  and  simple. 
An  Professor  Hale  wrote  iu  1896/  "Every  photograph  of 
the  solar  spectrum  taken  with  high  dispersion  must  now  bo 
regarded  as  a  document  of  great  value,  which  may  ultimately 
reveal  irregular  or  periodic  changes  in  the  condition  of  the 
gaaea  and  vapours  of  the  solar  atmosphere." 

The  Fraunhofer  lines  have  of  late  forfeited  their  early 
reputation  aa  "constants  of  nature/'  They  are  not  really 
"  fixed " ;  their  positions  in  the  spectrum  are  affected  by 
several  minutely  modifying  causes,  and  they  cannot,  accord- 
ingly, be  depended  upon  as  standards  for  the  most  refined 
measurements.  It  is  true  that  only  the  extreme  accuracy  of 
modern  methods  has  caused  them  to  "  step  down  "  from  the 
high  level  of  invariability,  for  their  deviations  are  very  small, 
and  might,  superficially  regarded,  appear  negligible.  They 
are  of  two  kinds,  physical  and  kiuematical,  the  former  bring 
produced  in  the  very  act  of  emission,  the  latter  in  the  course 
of  transmission.  Pressure-displacements  and  motion-displace- 
ments are,  in  fact,  respectively  concerned. 

Symptoms  of  a  persistent  shift  of  the  Fraunhofer  lines 
towards  the  red  were  first  detected  in  1890  by  Professor 
Lewis  E.  Jewell  of  the  Johns  Hopkins  University.  Persistent, 
although  unequal  It  is  not  the  same  for  the  lines  of  different 
elements;  it  is  not  even  the  same  for  all  the  lines  of  the 
same  element.  Motion,  then,  is  not  its  cause.  Fortunately, 
a  clue  was  supplied  by  laboratory-experiments.  Attentive 
study  of  the  behaviour  of  metallic  lines  under  varying  condi- 
tions showed  that  "with  an  increase  in  the  amount  of 
material  in  the  arc  there  was  increasing  displacement  towards 
the  red."  ■  Considering  tho  subject  carefully/'  Professor 
Jewell  adds,  ■  there  seemed  no  reason  to  doubt  that  the  wave- 
length of  a  line  depended,  to  a  certain  extent,  upon  the 
conditions  under  which  the  material  producing  the  line  was 
present  in  tho  electric  arc,  the  vacuum  tube,  or  the  solar 
atmosphere ;  or,  in  other  words,  the  vibration  period  of  an 
atom  depends  to  some  extent  upon  its  environment.  An 
increase  of  the  density  of  the  material,  and  presumably  an 
increase  of  pressure,  seemed  to  produce  a  (Limping  effect  upon 
the  vibration  period."  *      Confirmatory  results  were  obtained 

1  AUrvph.  /«n».  rot  iiL  p.  157.  ■  Ibid.  pp.  M.  W. 
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by  Messrs.  Humphrey*  .mil  Mohler,1  ami  the  Assumption  of 
a  constant  vibration-frequency  as  an  ess'-mi  tl  !  tribute  of  the 
ultimata  particles  of  mutter  had  to  bo  finally  abandoned. 

The  observed  changes  are  clearly  distinguishable  from 
ordinary  temperature'  effects.  Linen  are  often  broadened : 
under  peculiar  circumstances  tiny  may  \hs  uiisyinuietrically 
broadened  by  thermal  influences ;  but  simple  displacements 
are  never  due  to  heat.  Moreover,  they  can  be  produced 
artificially  by  condensing  the  air  about  an  electric  arc,  so 
that  their  immediate  cause  is  not  doubtfuL  "  It  wan  often 
caay,"  according  to  the  llultimoro  investigators,  "  to  olwterve  a 
line  gradually  change  its  position  while  the  pressure  was 
being  lot  off  without  alteration  in  width  or  other  Appear- 
ance." 

The  general  upshot  of  their  inquiries %  was  to  show  that 
the  spectral  shifts  in  question,  far  from  being  an  isolated 
phenomenon,  stand  in  close  relationship  to  all  the  most 
intimate  propertiee  of  matter.  Their  amount,  ceteris  paribus, 
k  proportional  to  the  pressure  and  to  the  wave-lengths  of  the 
shifted  lines.  It  differs,  however,  for  each  series  in  a  given 
spectrum.  For  different  substances  it  is  usually  large  or 
<>u«»ll  in  tuu  invorao  ratio  of  the  absolute  tcznporaturos  of 
their  melting-points.  Again,  it  is  largest  for  those  sub- 
stances which  expand  most  readily  with  heat.  Finally,  and 
most  significantly,  line  displacements  are,  in  the  same  group 
of  elements,  proportional  to  the  cube  roote  of  their  atomic 
weights.  Or,  as  Mr.  Humphreys  expresses  it, "  The  shift  of 
similar  lines  is  a  periodic  function  of  atomic  weight,  and 
consequently  may  be  compared  with  any  other  property  of 
the  elements  which  itself  is  a  periodic  function  of  their 
atomic  weights  " — that  is  to  say,  the  measured  displacements 
show  recurring  maxima  and  minima  in  passing  from  one  to 
the  next  of  Mendeleef  s  elemental  families.  Their  gradations 
thus  correspond  with  those  of  other  physical  attributes  of 
material  species,  and  plainly  imply  that  the  retarded  vibrations 
are  executed  by  "  ultimate "  atoms.  The  confirmatory  fact 
should  be  noted  that  band-spectra,  universally  associated  with 
aggregates    of   atoms,  display   no    sensitiveness    to    pressure. 

1  AttropK.  J&urn.  Tola.  Hi,  p.  114,  iv.  p.  175,  vi.  p.  169. 
1  Ibid.  VOL  Ti  p.  226. 
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And  by  pressure  in  this  connection  is  to  be  understood,  not 
the  separate  density  of  the  vapour  emitting  the  damped  rays, 
but  the  total  pressure  of  all  the  substances  promiscuously 
diffused  throughout  the  stratum  or  enclosure. 

Its  complex  effects  add,  in  some  respects,  to  the  difficulty 
of  interpreting  spectral  appearances ;  but  they  lend  to  them, 
on  the  other  hand,  new  and  unlooked-for  significance.  In 
solar  inquiries  more  particularly,  they  have  started  a  fresh 
lead,  sure  to  be  followed  up.  Thus  indications  may  be 
gathered  from  them  as  to  the  relative  altitudes  in  the  sun's 
atmosphere  at  which  different  Fraunhofer  lines  originate,  no 
leas  than  as  to  the  absolute  pressures  to  which  they  correspond 
These  are  lower  than  might  have  been  anticipated.  They 
range,  according  to  Professor  Jewell,  "from  little  more  than 
zero  to  only  two  or  three  atmospheres,  though  the  shading  of 
the  stronger  lines  may  be  produced  at  a  greater  pressure." ' 
The  subject,  however,  has  not  got  beyond  the  stage  of  inception. 
One  important  branch  of  it,  the  discrimination  of  lines  belong- 
ing to  the  same  series,  is  barely  sketched.  The  phenomena  of 
displacement  through  pressure  evidently  involve  much  more 
than  is  yet  apparent.  They  must  be  present  in  stars  and 
nebulte,  and  may  afford  curious  disclosures  regarding  their 
states  of  density  and  rarity. 

Tho  Fraunhofer  lines  are,  as  a  rule,  narrow  and  sharp ;  but 
minute  photographic  study  reveals,  in  a  certain  proportion  of 
them,  singular  complexities  of  structure.  These  are  illustrated 
from  Professor  Jewell's  observations  in  Fig.  4,  which  shows 
graphically,  by  four  typical  examples,  the  comparative  distribu- 
tion of  light  in  corresponding  solar  and  arc  lines. 

No.  i.,  a  green  ray  of  iron,  is  bordered  in  the  sun  (where 
it  is  of  course  reversed)  by  a  filmy  illumination,  "the  remains 
of  an  emission  line,  either  produced  at  the  photosphere,  or 
lower  down  in  the  solar  atmosphere  than  the  absorption  line." 1 
The  notch  at  the  summit  of  the  same  line  gives  evidence  of 
radiation  at  a  high  level.  It  is,  in  tact,  an  abortive  bright 
iron  line,  superposed  upon  a  strong  absorption  line,  itself 
superposed  upon  a  faint  effusion  of  light  of  identical  quality 
from  underlying  vapour.  Thus  this  single  line  is  built 
iiree    stages,    although    the    foundation    and    coping    are 

1  Atroph.  Jam.  \o\.  si  p.  240.  •  IM.  *ol.  iii.  p.  100. 
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baxely  diaoernible  as  traces  of  luminosity.  In  No*,  ii  and 
in.,  "shaded  lines"  are  depicted  in  the  same  ^"*  as  the 
■  sharp  fans"  in  No.  i  They  belong  respectively  to  iron  and 
iiMftiineiiim  (X  51838  ~  ft,  >  Their  characteristic  feature  is 
the  outlying  obscurity,  which  deepens  from  the  edges  towarda 
the  central  shaft.     Professor  Jewell  remarks  that  the  gas  pro- 
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during  these  shadings  "  extends  through  a  much  greater  range 
of  pressure"  than  that  giving  rise  to  the  green  iron  line  (No.  L), 
while  the  clean-cut  line  in  the  middle  must  be  due  to  ab- 
sorption "  much  higher  up  in  the  solar  atmosphere,  where  the 
pressure  is  very  much  less."  Similar  appearances  are  conspicu- 
ous in  the  great  calcium  pair  H  and  K  (see  Fig.  4,  No.  iv.). 
Here  the  abnormal  breadth  of  their  wing-like  appendages  proves 
that  the  "  absorption  must  persist  through  an  extreme  range  of 
pressure,  or  that  the  amount  of  calcium  gas  varies  enormously 
in  the  solar  atmosphere  where  this  absorption  is  produced." 
These  lines  are  obviously  twice  reversed.  A  stratum  of 
radiative  calcium  is  apparently  interposed,  in  the  sun's 
neighbourhood,  between  two  absorptive  strata  of  the  same 
material.  That  their  arrangement  is,  however,  subject  to  some 
kind  of  disturbance  is  indicated  by  the  irregularity  of  the 
diagram ;  nor  is  it  always  disturbed  to  the  same  extent. 
"  Upon  some  plates,"  Professor  Jewell  says,  "  the  central 
absorption  line  is  almost  symmetrical  with  respect  to  the 
emission  line,  while  upon  other  plates  its  unsymmetrical 
character  is   very  marked,   the  central   line   being  displaced 
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considerably  towards  the  red,  and  the  part  of  the  emission 
line  on  the  violet  side  of  the  central  line  being  much  the 
strongest."  Motion-displacements  due  to  ascending  and  de- 
scending currents  are  thought  to  be  in  question,1  but  there 
are  obstacles  to  be  removed  before  this  explanation  can  be 
unreservedly  accepted.  The  extreme  difference  of  velocity 
suggested  by  the  observed  dissymmetry  of  the  calcium  Hues 
amounts  to  no  more  than  75  miles  a  minute,  but  is  notably 
variable.  All  the  "shaded  lines"  in  the  spectrum  appear  to 
be  similarly  affected,  though  in  a  minor  degree.  Thus  the 
descending  motion  corresponding  to  the  narrow  central  com- 
ponents of  the  sodium  ■  D  "  are  at  the  rate  of  barely  one-fifth 
of  a  mile  per  second.  Most  of  the  fainter  lines,  on  the 
contrary,  indicate  ascending  currents  over  the  solar  surface 
at  an  average  speed  of  about  a  third  of  a  mile  a  second* 
Motion-displacements,  besides,  due  to  the  earth's  rotation  and 
the  eccentricity  of  its  orbit,  can  be  detected,  and  have  beeu 
allowed  for.  These  latter  minute  corrections  naturally  apply 
to  all  the  solar  lines  without  distinction. 

Enough  has  been  said  to  give  an  idea  of  the  manifold 
considerations  which  have  to  be  taken  into  account  in  esti- 
mating the  true  wave-lengths  of  the  solar  absorption  rays. 
They  are  changed,  according  to  a  special  and  complex  law, 
by  the  sun's  rotation;  they  are  changed  by  the  movements 
of  approach  or  recession  of  the  earth  as  a  whole,  as  well  as 
of  each  particular  spot  on  the  earth  ;  they  undergo  alteration 
through  the  solar  atmospheric  circulation  ;  they  are  affected 
by  pressure,  perhaps  by  other  undetected  influences,  and 
each  of  these  modifying  causes  acts  variably,  either  in  time, 
or  according  to  locality  on  the  solar  surface.  Happily,  most 
of  them  act  only  to  an  infinitesimal  extent ;  but  their 
unquestionable,  although  slight  effectiveness  illustrates  very 
strikingly  the  subtlety  which  every  increase  in  accuracy 
necessitates  in  the  methods  of  science. 

An  embarrassing  peculiarity  of  the  Fraunhofer  lines  ifl 
their  virtually  uniform  intensity  all  over  the  sun's  disc.  Juet 
as  the  telluric  bands  develop  with  the  sinking  of  the  sun, 
I  hey    ought    to    become    strengthened    near    the    limb;    yet 

1  Aatmpk.  /wm.  vol.  Ul  pp.  102,  108  (Jew«Uj,  p.  153  (HaU). 
*  Jtmll,  Aitroph.  Jom  toI.  xi.  p.  2S«. 
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they  remain  sensibly  the  same,  notwithstanding  the  greatly 
aogmeuted  depth  of  the  alworbing  strata  traversed  by  the 
light  before  reaching  the  eye.  This  is  really  a  glaring 
anomaly,  and  one  almost  forgotten  through  sheer  hopelessness 
of  gettiiit!  ri.t  of  it. 

In  concluding  this  brief  chapter  we  would  once  more 
draw  attention  to  the  curious  individualities  of  the  Frauii- 
hofer  lines.  They  axe  constructed,  in  many  cases,  at  successive 
levels;  they  are  modified  by  various  influences.  Some  are  of 
hair-like  fineness  ;  others,  emanating  from  an  identical  sub- 
•Canoe,  have  nebulous  edges.  Moreover,  the  sharp  and  the 
difluMj  lines  respond  differently  to  pressure,  so  that  their 
characteristic  aspects  are  significant  of  profound  distinction 
in  their  mode  of  origiu.  The  more  closely,  in  fact,  these 
mysterious  rulings  are  examined,  the  less  trivial  or  casual 
their  slightest  diversities  appear.  Thoy  are  charged  with 
meaning,  transcending,  in  part, our  actual  powers  of  interpreta- 
tion, but  challenging  efforts  towards  that  end,  which  cannot 
fiil  to  breach,  if  tiny  do  not  wholly  raze,  the  ramparts  of 
Ignorance. 


CHAPTER    IV. 

THK    REVERSING    LAYER. 

During  the  fclipse  of  22ud  December  1K70  a  new  pheno- 
raeuon  came  into  view.  Professor  Young  of  Princeton, 
New  Jersey,  was  tho  fortunate  observer.  With  the  slit  of 
his  spectroscope  tangential  to  the  sun's  limb  and  perpendicular 
to  the  moon's  advance,  he  awaited  the  moment  of  second 
contact.  The  thin  solar  crescent  narrowed  second  by  second  . 
at  last  it  vanished ;  then  "  all  at  once,  as  suddenly  as  a 
bursting  rocket  shoots  out  its  stars,"  the  ordinary  Fraunhofcr 
spectrum  previously  visible  was  replaced  by  a  serried  urray  of 
bright  lines  on  a  dark  background.  They  seemed  a  complete 
reversal  of  the  familiar  absorption- ray b,  and  the  impression 
was  also  conveyed  to  Mr.  Pye,  a  member  of  the  same  party,  of 
■  all  the  dark  lines  being  converted  into  bright  ones."  '  The 
"  hash  "  at  the  edge  of  the  eclipsed  sun  was  not  unlooked  for. 
Something  of  the  kind  had  been  anticipated  as  the  due 
accompaniment  of  the  beginning  and  end  of  totality.  For 
KiruhhuiFs  explanation  of  the  Fraunhofer  lines  implied  the 
interposition,  between  the  eye  and  the  sun,  of  a  screen  of 
glowing  vapours,  which  should  be  separately,  if  only  instant- 
aneously, visible  on  the  withdrawal  of  daylight  glare — visible, 
that  is  to  gay,  spectroscopically ;  with  the  telescope  nothing 
more  distinctive  than  a  silvery  shimmer  *  corresponds  to  the 
dazzling  variotinted  fireworks  disclosed  by  the  prism. 

But  their  disclosure  was  not  enough  ;  they  demanded 
close  investigation.  The  question  is  fundamental  in  solar 
physical  theory  whether  the  flash  is  the  true  reversal  of  the 

1  Jlmoi'n  %i/  J*r.  Socutf,  rol.  tXL  |f>  830,  <34  'R*ny»nl). 

1  Ibid.  p.  115. 
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Fraunhofer  Tftrtf— t;  and  no  conclusive  answer  could  bo 
given  to  it  except  by  photographic  means,  visual  report*  a*  to 
the  details  of  so  intricate  and  evanescent  an  apparition 
counting  for  very  little.  Twenty-six  yean*,  however,  clapped 
before  a  permanent  record  of  it  was  secured.  The  result 
ensued  from  a  skilfully-timed  snapshot  by  Mr.  Shackleton  at 
Novaya  Zemlya  timing  the  Arctic  eclipse  of  9th  August 
1896.  He  gave  an  exposure  of  half  a  second  with  a 
"  prismatic  camera  " — a  simple  form  of  spectrograph,  destitute 
both  of  slit  and  oollimating  lens,  the  employment  of  which  in 
eclipse  work  has  been  vigorously  promoted  by  Sir  Norman 
Lockyer.  An  impression  was  thus  caught  of  singular  interest 
and  value.  We  may  quote  Professor  Young's  description  of 
it.  "The  photograph,"  he  writes,1  "shows  a  long  range  of 
several  hundred  bright  curved  images,  of  which  there  are 
nearly  250  in  the  blue  portion  of  the  spectrum  between  F 
and  IL  About  25  are  much  more  extensive  and  conspicuous 
than  the  others,  and  are  images  of  tli.>  t'hrorwwphcre  and 
prominences.  They  are  due  to  hydrogen,  calcium,  helium, 
•tooatiuni,  and  one  or  two  othur  elements  which  often  appear 
in  the  chromosphere.  The  rest  are  simply  reversals  of  the 
Fraunhofer  line;},  as  Mr.  Shackloton  has  shown  by  developing 
the  flash  spectrum  into  a  bright-line  spectrum  of  the  usual 
form  (which  is  easily  done  by  a  simple  mechanical  con- 
trivance), and  comparing  it  with  an  ordinary  dark-line  solar 
spectrum  photographed  with  the  same  camera  and  prisms,  but 
with  the  addition  of  a  collimator  and  slit.  The  agreement  is 
practically  complete,  although  there  are  two  or  three  somewhat 
conspicuous  Fraunhofer  lines  which  are  missing  in  the  flash 
spectrum,  probably  because  they  originate,  not  above  the 
surface  of  the  photosphere,  but  in  its  depths,  as  probably  also 
do  the  wide,  hazy  shadings  that  accompany  the  H  and  K 
lines  and  some  others;  but  this  is  a  matter  for  further 
investigation." 

The  solitary  success  of  1896  was  manifolded  a  year  and 
a  half  later.  "  Reversing  -  layer  "  photography  stood  in  the 
forefront  of  the  programme  of  work  for  the  Indian  eclipse  of 
22nd  January  1898,  and  the  documents  collected  during  its 
hundred  seconds  of  obscurity  showed  that  a  complete  master) 

1  Ths  Sun,  ed.  1897,  p.  358. 
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of  the  art  had  been  attained.  Sir  Norman  Lockyer  and  Mr. 
Fowler,  Captain  Hills,  Mr.  Evershed,  and  Professor  Naegani- 
vala  secured  photographs  of  the  Hash,  not  only  in  its  full 
development,  but  also  when  incipient  and  vanishing,  so  that 
the  phenomenon  could  be  traced  at  leisure  throughout  its  brief 
phases.  Two  specimens  are  reproduced  in  Plate  II L,  both  taken 
instantaneously  by  Mr.  Evershed  with  a  prismatic  camera  of 
2  J  inches  aperture  and  36  inches  focus. 

The  conventional  straight  appearance  of  the  lines  results 
from  the  employment  of  a  cylindrical  lens  to  give  breadth  to 
narrow  slices  of  the  curvilinear  originals.  The  upper  section 
represents  the  spectrum  of  the  last  thread  of  sunlight  just  as 
the  accustomed  dark  lines  were  fading  out  before  the  incoming 
of  their  bright  correlatives.  The  range  is  from  below  H  and 
K — the  strong  pair  to  the  left — to  X  3350  in  the  ultra- 
violet.1 The  Lower  section  corresponds  to  a  moment  twenty 
seconds  later,  when  the  continuous  light  was  gone,  and  vivid 
mya  dominated  the  field.  Amid  the  throng,  twenty-seven 
members  of  the  hydrogen  series  are  recognisable,  and  three 
titanium  lines  rival  them  in  importance. 

Ample  materials  were  provided  during  the  eclipses  of  1898, 
1900,  and  1901  for  at  least  a  preliminary  discussion  as  to  the 
true  character  of  the  reversing  layer,  although  the  difficulties 
still  remaining  to  be  encountered  are  neither  few  nor  trivial. 

To  begin  with,  the  fact  has  been  ascertained  that  a  shell 
of  mixed  incandescent  vapours,  five  or  six  hundred  miles  thick, 
encloses  the  photosphere  on  every  side.  We  see  it,  however,  in 
projection.  The  line  of  sight  penetrates  it  tangentially  at 
the  edge  of  the  sun,  and  to  an  extreme  depth  near  the  base 
■  if  about  forty  thousand  miles.  Between  the  reversing  layer 
:mi  the  chromosphere  there  is  no  solution  of  continuity;  to  some 
extent,  undoubtedly,  the  lower  merges  into  the  upper  forma- 
tion ;  yet  they  are  essentially  distinct.  Each  has  its  own 
spectrum  apart,  notwithstanding  a  certain  amount  of  community, 
apparent,  casual,  or  partial  Thus  since  the  reversing  layer  is 
visually  accessible  only  through  the  enveloping  chromosphere, 
the  spectrographic  prints  taken  at  sun -and -moon  contacts 
Hre  inevitably  composite.      They   include   the  chromospheric 

1  Only   the  mora   rafrasgible   parte  of   the   portrayed   spectra   bare    been 
reproduced.     The  complete  images  reach  down  to  *  9000  in  the  orange. 
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together  with  the  "  flash  "  rays.  Discrimination  is,  however, 
facilitated  by  the  notably  greater  length  of  the  arcs  representa- 
tive of  the  former  correeponding  with  the  higher  attention  of 
the  substances  emitting  them.  The  class  of  discrepancies 
between  the  flash  and  the  Fraunhofer  spec  tram  thus  accounted 
for  are  discrepancies  by  excess.  The  flash  includes  helium 
rays ;  the  Fraunhofer  spectrum  has  none.  The  flash  exhibits 
the  complete  hydrogen  series  up  to  its  extreme  limit  in  the 
ultra-violet ;  the  Fraunhofer  spectrum  reverses  only  its  visible 
members.  Titanium  lines  strong  in  the  flash  are  feeble  in  the 
Fraunhofer  spectrum;  besides  other  analogous  dissimilarities. 
Yet  they  do  not  affect  the  claim  of  the  reverflinx  layer  to 
be*  speaking  broadly,  the  locus  of  solar  absorption.  Rather 
they  bring  us  face  to  face  with  the  totally  different  question, 
Why  do  the  chromospheric  gases  exercise  no  appreciable 
arresting  effect  upon  the  light  transmitted  through  them  ? 
Later  on  we  shall  attempt  to  answer  it ;  here  we  need  only 
remark  that  the  rays  from  the  chromosphere  cannot  bo  excluded 
from  photographs  of  the  flash.  They  necessarily  appear  in 
them,  and  it  was  known  beforehand  that  they  had  no  counter - 
parte  in  the  Fraunhofer  spectrum. 

There  are  besides  discrepancies  by  defect.  Many  solar 
absorption  lines  do  not  show  bright  at  the  first  and  last  in- 
stants of  totality.  But  this  is  easily  understood.  Some  are 
doubtless  too  faint  to  assert  their  presence  photographically. 
Others  may  be  supposed,  with  the  utmost  probability,  to 
originate  out  of  sight  at  the  base  of  the  reversing  stratum. 
The  shadings  of  H  and  E  certainly  do,  for  the  central  lines 
start  out  clear,  though  strong,  in  the  flash,  and  their  hazy 
appendages  are  indubitable  products  of  augmented  pressure. 
Nor  do  the  denser  vapours  rise  high  enough  to  make  any  per- 
ceptible display.  Mr.  Evershed  tells  us '  that,  while  nearly  all 
the  metals  with  atomic  weights  less  than  60  are  represented  in 
the  sun's  marginal  spectrum,  none,  of  which  the  ultimate  par- 
ticles are  heavier  than  92,  make  any  assured  contributions  to 
it  A  formation  at  least  five  hundred  miles  in  vertical  extent 
must  vary  widely  between  top  and  bottom  both  in  composition 
and  density.  So  at  least  we  should  reasonably  anticipate.  In 
point  of  fact  the  changes    indicated   are  surprisingly   slight. 

1  Phil.  Trans.  »ol.  cxcriL  A.  p.  402. 
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One  criterion  in  Available  l»y  which  chemical  differences  can 
be  correlated  with  differences  of  depth.  This  consists  in  the 
various  lengths  of  the  curved  lines  representing  the  emissions 
of  the  sundry  constituents  of  the  "  layer." l  Substances  attain- 
ing high  altitudes,  like  the  chromospheric  gases,  give  long 
arcs  because  their  visibility  extends  over  a  wide  section  of  the 
sun's  circumference,  while  low-lying  materials,  illuminating 
a  narrow  verge,  are  characterised  by  short  arcs.  They  are, 
moreover,  the  most  difficult  to  catch  as  the  moon  goes  by, 
Now  the  great  majority  of  the  flash  lines  are  of  a  nearly  equal 
length,  corresponding  to  an  arc  of  about  40°  on  the  solar  limb, 
and  this  equality  implies  a  considerable  approach  to  uniformity 
of  constitution  throughout  the  greater  part  of  the  momentarily 
exposed  layer.  But  its  basal  stratum,  perhaps  not  more  than 
a  few  miles  in  thickness,  should  be  that  most  effective  in 
absorption,3  and  it  forms  a  crescent  much  too  fine  to  be  directly 
seen.  Here  below,  then,  down  near  the  photosphere,  missing 
Fraunhofer  lines  with  no  apparent  corresponding  radiations  may 
be  produced ;  nay,  must,  since  there  is  absolutely  no  evidence 
of  the  corresponding  light-stoppage  taking  place  in,  or  above 
the  chromosphere.3  Mr.  Evershed's  conclusion  is  indeed 
fully  warranted,  that  "the  flash  spectrum  as  a  whole  appears 
to  represent  the  upper  more  extensively  diffused  portion  of  a 
stratum  of  gas,  which,  by  its  absorption,  gives  the  Fraunhofer 
spectrum."  *  The  appellation  "  reversing  layer  "  would  then 
seem  to  be  no  misnomer,  but  to  indicate  correctly  the  seat  of 
the  linear  absorption  which  serves  as  our  alphabet  for  spelling 
out  the  secrets  of  solar  chemistry. 

The  density  of  this  vaporous  envelope  is  measurable  by 
the  "  pressure  shifts"  of  the  Fraunhofer  lines.  It  would  seem 
to  be  nowhere  less  than  that  of  our  atmosphere  at  sea-level ; 
otherwise  displacements  towards  the  blue-  end  should  occur, 
and  none  such  are  perceptible.  Nor,  on  the  other  hand,  is 
there  proof  of  its  exceeding,  even  in  the  lowest  depths,  three 
or  four  time*  the  standard  value.  So  that  the  increase  of 
pressure  downward  is  exceedingly  alow — a  fact  to  be  carefully 

1  S.  A.  Mitchell,  Attrvph.  Jounu  »nl.  it.  p.  118. 

*  Monthly  .\otiea,  vol.  lviii.  p.  ZOO  (Krmlwd). 

*    Halt,  AMropfi.  Jour*.  rol.  HI  [>.  1*U. 

•  JVt*.  Royal  SoeUty,  17th  Jan.  1001. 
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noted.  Tho  distinction  (already  adverted  to)  between  the 
effect*  of  total  and  of  partial  pressure  is  also  moat  important. 
Through  the  former  the  positions  of  spectral  rays  are  modified. 
through  the  hitter  their  cliaractcm  In  other  words,  the 
shift*  of  the  Fraunhofer  lines  correspond  to  the  sum  of  incum- 
bent vapours,  while  the  quantity  of  each  separately  present 
determines  their  width  and  diflusenes*.  Most  arc  associated, 
by  their  fineness  and  sharpness,  with  individually  tenuous 
substances.  The  hydrogen  lines,  for  instance,  represent, 
according  to  Mr.  Maunder,'  a  pressure  of  only  one-hundredth 
of  an  atmosphere.  But  tho  indications  in  this  respect,  as  in 
others,  vary  greatly  for  the  different  vapours. 

The  most  refractory  substances,  such  as  titanium  and 
vanadium,  are  volatilised  in  the  reversing  layer.  Tt  is,  then, 
enormously  heated.  But  it  is  cooler  than  the  photosphere, 
since  ite  rays  show  dark  against  tho  vivid  background  they 
are  projected  upon.  Now  the  temperature  of  the  photosphere, 
by  the  most  authentic  recent  determination,  is  about  6600" 
centigrade,*  and  tins  marks  an  upper  limit  for  the  temperature 
of  the  reversing  layer.  A  lower  limit  is  fixed  by  the  tempera- 
ture of  the  electric  arc,  estimated  at  3500°.  The  much 
higher  grade  of  the  spark  is  almost  certainly  not  attained. 
The  inverse  behaviour  of  two  magnesium  lines,  first  commented 
upon  by  Professors  Liveing  and  Dewar,8  led  Dr.  Scheiner  to 
this  conclusion.4  One  at  X  4352  is  prominent  in  the  sun  and 
strong  in  the  arc,  but  fades  out  in  the  spark ;  the  other,  at 
X  4482,  of  which  a  mere  trace  is  perceptible  in  the  sun,  is  a 
characteristic  spark-product  It  must,  however,  be  borne  in 
mind  that  comparative  temperatures  are  subject  to  great  un- 
certainty where  electricity  is  the  exciting  agent.  Dissentients 
are  even  to  be  found  from  the  broad  proposition  that  the  spark 
is  hotter  than  the  arc ;  nor  is  it  one  capable  of  direct  demon- 
stration. Qualifying  circumstances  come  in,  and  their  separate 
effects  are  not  easily  unravelled. 

M.  Deslandres  made  some  curious  experiments  at  Paris  in 
1894  in  photographing  the  sun  by  means  of  the  dusky  rays 

1    Knowledge,   TOl.  JX.  p.  60. 

1  W.  E.  WiUon,  Proe.  Royal  Soe.  12th  Dec  1901. 

1  Ibid.  vol.  zxx.  p.  98. 

4  8itxungtberichU  Btrli*  Akod.  drr  Wim.  Much  1894. 
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in  its  spectrum.1  For  their  isolation  he  used  a  "double  slit"; 
and  since  they  are  only  comparatively  dark,  no  difficulty  was 
encountered  through  want  of  actinic  power  in  the  rays  dealt 
with.  He  thus  succeeded  in  obtaining  with  each  a  monochro- 
matic picture  of  the  sun  delineated  exclusively  with  emissions 
from  some  particular  ingredient  of  the  reversing  layer.  The 
uniformity  of  elemental  distribution  was,  by  this  ingenious 
device,  put  to  the  test  Photographs  of  the  disc,  for  instance, 
taken  on  an  iron  line  might  be  expected  to  show  different 
features  from  those  taken  on  calcium  or  magnesium  lines  if 
local  accumulations  of  those  vapours  were  present ;  but  no 
divergences  of  the  kind  became  perceptible.  The  composition 
of  the  absorbing  envelope  did  not  seem  to  vary  regionally. 
The  investigation,  however,  was  not  carried  far,  and  would  be 
worth  prosecuting. 

The /act  of  the  existence  of  a  true  reversing  layer  may 
now  be  looked  upon  as  established ;  yet  the  mode  of  its  exist- 
ence remains  in  several  ways  perplexing.  The  slight ness  of 
its  absorptive  action  needs  explanation  at  the  outset.  One 
notes  with  amazement  that  the  miniature  atmosphere  sur- 
rounding an  electric  arc  is  equally  effective  for  light-stoppage 
with  this  ocean  of  vapours.  Then  there  is  the  singular,  and 
perhaps  related  circumstance  that  the  spectrum  from  the 
limb  is  not  more  deeply  grooved  than  the  spectrum  from  the 
central  parts  of  the  disc.  The  results  upon  light  of  being 
sifted  through  six  hundred  and  through  twenty  thousand 
miles  of  the  mixed  materials  glowing  near  the  sun  are  virtually 
the  same.  Their  comparative  tranquillity,  too,  is  unexpected. 
The  reversing  layer  lies  between  two  agitated  structures. 
Beneath  are  the  photospheric  clouds,  rent  and  whirling  under 
the  stress  of  cyclonic  disturbances ;  above,  the  cbromospheric 
flames,  driven  hither  and  thither  by  influences  of  fantastic 
violence.  Yet  a  region  of  peace  seems  to  intervene.  The 
Fraunhofer  lines  indicate  a  steady  vertical  circulation,  but 
scarcely  over  a  temporary  commotion.  By  a  rare  exception, 
Father  Fenyi  observed  at  Kalocsa,  27th  July  1887,  the  dark  C 
in  the  neighbourhood  of  a  spot-group,  displaced  alternately 
towards  the  blue  aud  the  red,  indicating,  he  supposed,  a  power- 
ful disturbance  of  the  reversing  stratum  by  an  irruption  of 

1  C******  JUmiu*,  9th  July  1894. 
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hot  hydrogen.1  Such  invasions  of  its  precincts,  however,  are 
under  the  ban  of  some  prohibitive  decree,  or  they  encounter 
unknown  difficulties.  They  occur,  at  any  rate,  with  remarkable 
rafrcquency. 

The  reversing  layer  is  heated  from  below,  and  gravitates 
downward.  Thermal  equilibrium  is  doubtless  maintained  by 
the  convective  transport  of  material,  but  the  due  effects  of 
superincumbent  weight  are  unappaxent.  Evidence  is  not 
indeed  wunting  of  some  increase  of  density  with  descent,  but 
r«f  un  increase  relatively  insignificant.  Gravity  at  the  sun's 
surface  possesses  nearly  twenty-eight  times  its  terrestrial  power; 
bene*  a  true  solar  atmosphere  should  double  its  density  with 
each  furlong  of  approach  to  the  sun's  surface,2  and  the  total 
increase  of  preasuro  in  an  onvelope  five  or  six  hundred 
miles  deep  would  be  "inexpressible  by  numbers  that  have  name." 
Actually  there  is,  at  the  most,  a  quintupling  of  pressure.  This 
formidable  discrepancy  is  altogether  unexplained.  We  are 
debarred  by  it  from  considering  the  reversing  layer  to  be  in 
statical  equilibrium.  Its  successive  strata  do  not  rest  one 
upon  the  other  under  the  sole  dominion  of  gravity.  Some 
counteracting  influence  is  brought  to  bear.  This  problem  of 
/tfvt'ly — so  to  call  it — is  one  that  perpetually  recurs  in  studying 
the  solar  surroundings. 

1  Publication**  da  BaynaidtJu*  Obaervatorium*,  Heft  ?L  p.  15,  1892. 

*  8m  Knowledge,  toL  ix.  p.  49  (K.  W.  Maunder). 


CHAPTER    V. 

HYDROGEN,    HELIUM,   AND    COKON1UM. 

Three  tenuous  gases — hydrogen,  helium,  and  coronium— are 
of  essential  important**  in  solar  physics.  The  first  plays 
also  a  leading  port  in  terrestrial  and  vital  economy.  The 
second  exists  on  the  earth  merely  as  a  chemical  curiosity. 
The  third  must  for  the  present  be  classed  as  an  exclusively 
solar  product. 

Solar  hydrogen  was  discovered  by  Angstrom  in  1862. 
He  recognised  it  by  the  identity  of  its  three  least  refrangible 
rays  with  the  Fraunhofer  lines  C,  F,  and  G '  (now  designated 
Ha,  H£,  and  H7),  to  which,  in  1865,  he  associated  the  indigo 
line  h  (H5).  A  fifth  line  (He),  photographed  by  H.  W.  Vogel 
in  1879,  is  situated  quite  dose  to  the  calcium  H — so  close 
that,  like  Teuoer  behind  the  shield  of  Ajax,  it  lies  concealed, 
in  the  sun,  under  covert  of  its  neighbour's  broad  shadow,  if 
indeed  it  be  present  in  the  Fraunhofer  spectrum  at  all ;  for  it 
is  so  effectually  hidden  that  the  point  remains  uncertain. 
Shortly  afterwards.  Sir  William  Huggins's  spectrograph ic 
investigations  of  Sirian  stars  gave  the  key  to  the  true  character 
of  the  hydrogen  emissions.  Nine  ultra-violet  lines  came  out 
on  his  plates,  and  their  rhythmical  arrangement  at  intervals 
continually  lessening  upward  loft  no  doubt  of  their  forming  a 
connected  series.  That  this  included  the  visible  lines  was 
manifest  at  sight.  Its  law  was  stated  by  Balmer  in  1885.' 
Tl»e  relations  expressed  by  his  formula  are  not  those  of 
yrave-Ungths,  but  of  their  reciprocals,  vt&ye-frequtncu*.      These 

1  Th»  third  bydrogm  lino  IH>),  often  odlod  "G,"  ii  ndjacont  to  the  Und  at 
\  481  umtd  G  by  Knuihofor. 

•    Wwrfrmann'j  AnnmJm,  Bd.  JIT.  p.  90. 

61 


HYDROGEN,  HELIUM,  AND  COKONIUM         53 

ipiftntitias  obviously  bear  to  each  other  an  inverted  proportion. 
Deep'erimson  light,  for  instance,  consists  of  undulations  about 
twice  aa  long  as  those  of  violet  light ;  only  half  as  many  of 
them,  accordingly,  enter  the  eye  in  a  given  time,  A  doubled 
length  oorreflponds  to  a  halved  frequency,  a  tripled  length  to  u 
frequency  of  one-third,  and  so  on.  Now  oscillation -frequencie* 
are,  for  aeveral  reasons,  more  important  natural  constants  than 
wave- lengths:  hence  until  they  were  made  the  basin  of  in- 
vestigation, no  real  progress  was  effected  in  the  detection  of 
spectral  series. 

Balmer's  law  tuts  the  following  form :  N  =  N0-  *'",  where 

X  »  the  wave-number  /  A  Nft  is  a  constant  to  be  determined 

by  trial,  and  m  is  any  integer  greater  than  2.  By  assigning 
lo  Ne  the  empirical  value  2741875,  the  places  in  the  spectrum 
of  each  individual  ray  emitted  by  hydrogen  may  he  calculated 
with  approximate  accuracy.  That  of  C  (Ha)  corresponds  to 
m  =  3,  and  the  series  has  been  photographed  up  to  t/t  =  34,  its 
constituent  lines  growing  fainter  and  more  crowded  as  the 
scale  is  ascended.  They  approach,  in  fact,  with  the  increase 
of  mt  indefinitely  near  to  a  definite  limit,  marked  by  the  con- 
stant N0  minus  0  (the  second  term  having  disappeared).  This 
limit,  known  as  the  "  convergence  frequency,"  is  a  distinctive 
feature  of  spectral  series. 

Many  have  contributed  to  their  elucidation.  Johnstone 
Stoney,1  Alexander  Herschel  *  Hartley*  and  Cornu  *  prepared 
the  ground,  and  the  subject  was  treated,  in  its  larger  bearings, 
and  with  more  definite  reeulte,  by  Liveing  and  Dewar,6 
Schuster,0  Rydberg  of  Lund,7  Runge  and  Paschen 8  of  Hannover, 
Kayser9  of  Bonn,  and  Ames10  of  Baltimore.  Their  labours 
have  been  unexpectedly  successful  in  educing  partial  order  out 
of  all  but  total  emissive  confusion.  Harmonic  series  of 
identical  type  were  marshalled  from  promiscuous  throngs  of 

1  Phil.  Mag.  vol.  ili.  p.  294  (1671). 

1  Trans.  Royal  Soc,  of  Edinburgh,  rol.  xxxii. 

1  Journ,  Chem.  Society,  vol.  xliii.  p.  300. 

4  /cum.  de  Physique,  t  v.  p.  841  (1886). 

•  PkiL  Trans,  vol  clxxiy.  p.  187.  •  Nature,  rol.  Iv.  p.  200. 

1  Phil.  Mag.  vol.  xxix.  p.  331  ;   H'icd.  Ann.  Bd.  Hi.  p.  119. 

•  Ihd.  Bd.  hi.  p.  641,  •  Berlin  Abkandi.  1890 

10  Phil.  Mag.  vol.  xxx.  p.  88  (1890). 
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rays,  and  their  association  into  sets  of  three,  or  even  into 
double  seta  of  six,  simultaneously  given  forth  by  a  single 
element,  proves  the  extraordinary  complexity  of  the  molecular 
systems  through  the  movements  of  which  they  originate.  That 
some  of  these  movements  are  of  an  orbital  nature  is  strongly 
indicated,  and  they  not  improbably  show  perturbative  effects 
analogous  to  those  manifested  in  lunar  and  planetary  revolu- 
tions. "  The  final  impression/'  M.  IialmeT  writes/  "  which  our 
mind  involuntarily  receives  in  contemplating  these  fundamental 
relations  is  that  of  a  wonderful  mechanism  of  nature,  the 
functions  of  which  are  performed  with  nevor-failing  certainty, 
though  the  mind  can  follow  them  only  with  difficulty,  and 
with  a  humiliating  sense  of  the  incompleteness  of  its 
{lerception." 

Until  1897  the  spectrum  of  hydrogen  was  thought  to  be 
of  unique  simplicity.  It  apparently  consisted  of  one  individual 
series  resembling  that  formed  by  a  musical  note  and  its  over- 
tones. No  outstanding  lines  interrupted  the  perfect  regularity 
of  the  progression.  All  this,  however,  was  changed  by  Pro- 
fessor Pickering's  discovery,  in  a  few  peculiar  stars,  of  a 
second  hydrogen  series.51  It  is  associated  with  the  first  in  such 
a  manner  as  to  indicate  that  both  ore  subordinate  to  a  principal 
series,  the  three  together  forming  a  triple  group  on  the  normal 
pattern.  Of  the  principal  series,  one  member  has  been  prob- 
ably identified  as  a  blue  band  in  certain  "bright-line"  stars* 
the  rest  being  placed  inaccessibly  high  up  in  the  ultra- 
violet. They  would  be  cut  off  by  atmospheric  absorption. 
None  of  the  new  hydrogen  rays  occur  in  the  sun,  and  none 
have,  so  far,  been  rendered  visible  in  the  laboratory,  possibly 
because  the  temperatures  available  are  inadequate  for  their 
production.  This  indeed  is  a  matter  of  conjecture ,  what  is 
certain  is  that  hydrogen  affords  the  only  known  example  of  a 
spectral  series  capable  of  isolation  from  its  fellows.  Here 
evidently  we  have  a  clue  to  some  specialty  of  intimate  struc- 
ture, the  guidance  of  which  may  lead  to  surprising  disclosures. 

Hydrogen  has  other  singularities.  In  some  respecU  it  is 
solitary  among  the  elements.     The  ■  periodic  law,"  by  which 

1   AMrtfA.  Juurn   vol.  v.  p.  809. 
*  Tbid.  Ml  v.  p,  R|  Ktywr,  ibid.  pp.  96,  241. 

»  RydUrg,  Aid.  toL  fL  p.  833. 
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properties  an  connected  with  their  atomic  weights,  docs 
■e*  apply  to  it     Chemically  and  electrically  it  behaves  as  a 


;  reduced  to  the  liquid  state,  however,  it  definitely 
itsnlf  with  non-metals.  Its  condensation  is  effected  with 
the  itowrt  difficulty,  physical  and  mechanical  agencies  being 
only  jut  competent  to  vanquish  the  elasticity  of  this  lightest 
el  terrestrial  substances.  But  what  force  can  barely  compel, 
aftnity  readily  nhtaini  United  to  oxygon  under  the  form  of 
water,  it  can  exist  ae  a  liquid  up  to  a  temperature  of  100°  0., 
and  it  ie  of  all  gaaes  the  most  readily  "occluded."  Imprisoned 
thus  in  mstaffifl  mnnnoj,  it  remains  inert  lor  unlimited  periods, 
bat  recovers  freedom  and  activity  by  heat.  Meteoric  irons 
bring  to  the  earth  no  inconsiderable  supply  of  occluded 
hydrogen,  and  palladium  can  take  it  up  to  the  extent  of  six 
hundred  times  ita  own  volume.  In  this  qusa-oorobination  it 
is,  by  a  curious  anomaly,  six  times  denser  than  when  liquefied 
by  sheer  cold1 

The  volatility  of  hydrogen  perhaps  transcends  the  earth's 
power  of  control.  By  a  necessary  consequence  of  the  kinetic 
theory,  adverted  to  by  Dr.  Johnstone  Stoney  in  1870,"  light 
gssss  in  a  free  state  can  be  permanently  retained  only  by 
massive  globes.  For  atmospheric  particles  no  sooner  attain 
a  speed  just  overbalancing  the  holding  power  of  gravity  than 
they  irrevocably  fly  off  into  space,  and  the  process  being  con- 
tinued unintermittently,  eventuates  in  the  total  dissipation  of 
the  envelope  they  once  constituted.  It  is,  however,  a  matter 
of  some  delicacy  to  discriminate  between  the  gases  that  may 
escape  from  any  individual  planet  and  those  that  must  remain. 
According  to  a  recent  calculation*  the  earth  could  now  main- 
tain a  hydrogen  atmosphere  virtually  without  waste ;  but  in 
former  ages,  when  the  agility  of  the  gaseous  molecules  was 
quickened  by  heat,  the  strength  of  its  grasp  upon  them  must 
have  been  insufficient  for  their  lasting  retention.  This  was 
nevertheless  effected  by  their  reduction  to  the  liquid  state  in 
the  form  of  water.  The  presence  of  an  excess  of  oxygen 
hence  saved  terrestrial  hydrogen. 

Only  the   four   lowest   members  of   the    hydrogen  series 

1  Dewar,  Trans.  Ch*m.  Society,  1898,  p.  535. 

1  AXnpk.  Journ.  toI.  rii.  p.  25.     The  idea  aeema  to  hare  been  anticipated 
by  Wateraton  in  1845.     E.  Rogoveky,  ibid.  rol.  xiv.  p.  251,  not*. 

1  8.  B.  Cook,  ibid.  rol.  xi.  p.  86  ;  bat  cf.  Stoney,  ibid.  pp.  251,  857. 
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show  dark  in  the  sun.'  The  absence  of  the  higher  rays  is 
enigmatical  All  are  ablaze  in  the  chromosphere ;  but  the 
chroinospheric  gases  emit  sensibly  as  much  light  as  they  stop. 
In  the  reversing  layer  it  would  then  seem  that  hydrogen  glows 
so  imperfectly  as  to  emit  vibrations  of  no  more  than  four  or 
live  qualities,  the  upper  ■  notes  "  heing  somehow  quenched.  It 
might  be  supposed  that  the  temperature  there  is  too  low  for 
their  production,  were  it  not  that  they  have  been  photographed 
from  vacuum  tubes  held,  on  good  grounds,  to  be  cool  relatively 
to  the  electric  arc.  The  true  explanation  is  probably  to  be 
found  in  the  heterogeneous  composition  of  the  stratura  in 
question.  Intermixed  particles  of  different  kinds  of  matter 
mutually  check  each  others  oscillations,  and  those  of  shortest 
]>erioda  are  the  most  susceptible  to  this  adverse  influence.  Its 
nature  and  the  laws  of  ite  action  remain  obscure,  but  much 
may  bo  learned  about  them  by  careful  experimental  inquiry. 

A  similar  anomaly  is  more  markedly  visible  in  the  case 
of  helium.  This  gas  exists  near  the  sun  in  scarcely  less  pro- 
fusion than  hydrogen,  yet  the  Fraunhofer  spectrum  includes 
no  trace  of  its  action.  Absorptive  nullity  is  not  a  quality 
inherent  in  the  substance,  as  we  shall  see  presently;  hence 
it  probably  depends,  like  the  partial  inertness  of  hydrogen, 
upon  conditions  present  in  the  reversing  layer. 

Until  March  1895  helium  was  known  only  as  a  chrorao- 
spheric  element.  A  bright  yellow  ray  at  X  5876,  dis- 
tinguished as  "  Dy"  because  it  forms  a  trio  with  the  sodium 
pair  D,  and  Dif)  was  noticed  in  the  prominences  uncovered 
during  the  eclipse  of  18th  August  1868,  and  can  always  be 
observed  speetroseopically  at  the  edge  of  the  sun.  But.  the 
substance  emitting  the  yellow  ray  lay  outside  the  range  of  our 
acquaintanceship,  and  seemed  unlikely  to  be  brought  within  it. 
That  contingency,  nevertheless,  came  to  pass.  In  the  course  of 
a  search  for  compounds  of  argon,  Professor  Ramsay,  at  the 
suggestion  of  Professor  Miers,  fortunately  examined  the  reputed 
nitrogen  occluded  by  the  Scandinavian  mineral  "  clevite." "  This 
velvety-black  stone,  remarked  as  peculiar  by  Nordenskibld  and 

1  Rowland  observed  in  hu  photographs  some  "  thin  Iisjs,"  which  be  regarded 
as  possibly  doe  Co  diffuse  absorption  by  four  nltra-riolrt  hydrogen  lias*,  but  the 
connection  is  v«ry  doubtful.     Huggins,  Allot  of  SUH.tr  Spectra,  p.  160. 

«  t'A#m*oaJ  JV«PS,  29th  Mar.  h  1805  |  fi'oturt,  1»U»  Dumber  1WU. 
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analysed  by  Cleve,  is  a  kind  of  pitch-blende,  composed  of 
uranate  of  lead  mixed  with  rare  earths.  The  gas  evolved  from 
it  at  University  College  gave  a  brilliant  spectrum,  in  which 
the  prominence-line  D8  shone  conspicuous.  Helium  was  indeed 
captured  !  A  beautiful  confirmation  of  the  identity  was  soon 
afterwards  afforded.  The  golden  line  seen  in  the  laboratory 
was  perceived  by  Runge  to  have  a  faint  close  companion, 
and  he  declared  that,  unless  the  solar  D3  were  also  double, 
clevite-gas  should  be  regarded  as  different  from  helium.1 
The  challenge  was  taken  up  on  both  sides  of  the  Atlantic. 
Professor    Hale    on    20th    June,  and    Sir  William    Huggins 
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independently  on  10th  July,  succeeded  in  resolving  the 
prominence-ray  into  a  delicate,  unequal  pair,  and  our  posses- 
ion of  helium  as  a  truly  indigenous  element  was  rendered 
incontrovertible. 

Meantime  sundry  other  leading  chromospheric  rays — 
four  esjH'oially,  coloured  deep  red,  green,  blue-green,  aud 
intense  violet" — had  ltcen  recognised  in  the  complex  spectrum 
of  clevite  gas.3  The  task,  however,  of  reducing  its  tangled 
rays  to  harmonic  order  seemed  desj>erate  until  it  was  performed. 
Without  exception,  they  ranged  themselves,  at  the  bidding  of 
MM.  Kunge  and  I'aschcn,  into  six  related  series  (see  Fig.  5). 
These  form  two  sets,  each  consisting  of  a  surl>ordinate  pair 
drawing  together  towards  a  common   limit   in   the  ultra-violet, 

1  Xatiirc,  Utli  June  is«t;,. 

3  Tbeir  wav*-tattllitf  an-  XX  7066.  Ml  16,  1472,  Mid  40-J6. 

'  Lockyir,  Xai'Tt,  3rd  October  1896. 
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with  a  principal  series  "  leaping  over  the  other  two  in  large 
bounds,"  and  ending  in  the  more  refrangible  part  of  the 
spectrum.1 

Not  only  did  Runge  and  roschcns  formula  (which  may 
be  regarded  aa  a  modification  of  Banner's  law  for  hydrogen) 
include  all  the  perceptible  emissions  of  helium,  but  it  inti- 
mated the  presence  of  others  beyond  the  reach  of  ordinary 
observation.  Each  of  the  principal  series,  it  was  inferred, 
should  own  a  *  leader  line  "  far  down  among  the  heat  rays, 
and  with  the  aid  of  the  bolometer  the  prediction  was  strictly 
verified.  Thus  ■  the  actual  spectra "  (as  Mr.  Maunder 
remarked)  "  corresponded  to  the  theoretical,  and  were  complete 
from  their  rise  far  in  the  obscure  regions  of  the  infra-red 
till  they  died  away  in  the  darkness  which  lies  on  the  other 
side  of  the  visible  spectrum," 

Their  number,  however,  suggested  a  twofold  origin,  since 
there  was  then  no  precedent  for  assigning  more  than  three 
series  to  a  single  substance.  Clevite  gas  was  accordingly 
regarded  as  a  mixture  of  two  solar  elements,  distinguished  as 
"helium"  and  "parhelium,"  the  rays  of  the  former,  like  Da. 
being  all  double,  those  of  the  latter  single.  Each  set  of  three 
series  was,  in  fact,  "  anulogous  to  the  complete  spectrum  of  a 
distinct  element."  Yet  parhelium  has  failed  to  make  good  its 
fooling  in  either  cosmical  or  terrestrial  chemistry.  Attempts 
to  isolate  it  have  entirely  failed,  and  the  spectroscopic 
argument  for  its  oxistence  collapsed  with  the  discovery  that 
oxygen,  no  less  than  clevite  gas,  claims  six  series,  which  are 
certainly  inseparable,  and  represeut  in  combination  the  vibra- 
tions of  perfectly  similar,  highly  intricate  molecular  systems. 
"  Parhelium  "  may  then  safely  be  treated  as  fictitious.  Clevite 
gas,  or  mineral  helium,  is  the  identical  undiluted  material  of 
prominences.  The  hypothetical  companion-eturf  exists  neither 
in  the  sun  nor  upon  the  earth. 

The  qualities  of  helium  are  most  unusual.  Like  argon, 
it  is  mouatomic  .  its  ultimate  chemical  units  are  the  some  as 
ita  ultimate  maas-uiitfc  This  inference  is  based  upon  the 
heat-relations  of  the  substance.      Its  vapour-density  is  hence 

1  Range  and  Pmpdm,  Mature,  26th  Stpt.  1S»5  ;  SUaungthervMe  Berlin 
Akad  30th  Jut»  1816 |  JrtmpH.  Jour*,  to!.  UL  p.  4;  ftUaadar,  Knowtotf, 
toL  xir.  p.  285. 
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only  half  its  etoaaia  weight;  lor  the  molecule  of  helium 
aesessM  nearly  doable  the  mus  of  the  hydrogen  molecule; 
and  it  is,  by  hypothesis,  indivisible,  while  that  of  hydrogen 
two  oomhining  aioxoe.  But  helium  has  no  "  atoms," 
ite  Mnleenlee  are  ite  etome.  Ite  cbwjoel  equivalent 
m  accordingly  8*06  on  the  hydrogen  Boela  A  value  indeed 
Boettittel  then  real,  etnee  hatttti  U  devoid  of  eeneible 
II  entree  into  no  eomMnetione  It  egein  reeeenhlss 
argon  in  being  a"  rogue  "  element.  To  both  equally,  one  of  the 
nrdiiery  properties  of  matter  is  wanting.  They  form  with 
three  other  inert  gesee  a  deer  apart  ee  "non-Talent"  snh- 
stsnree1  In  eheoatag  ite  minend  cloisters,  helium  showed, 
nevertheless,  some   original    preferences.      The    heavy    metal 

hen  a  special  attraction  lor  it,  end  it  is  constantly      { 
With  rare  earths.     Onoe  released,  however,  it  oan      : 
seemly  he  le-inoereerated.      Mr.   Tilden's  experiments  led  ^ 
Use  to  oonelndo  that  heliom-yielding  rooks  must  have  been     \ 
primitively    charged    under    a   pioasnie   of   several    hundred      n 
atraoapheres.'      The  earth  may  in   those  early  days  have^f-* 
possessed  a  vast  helium-envelope,  ainoe  disaipated  in  space.--  4 
Opinions  differ  on  the  subject,*  and  data  for  precise  oaleula-     * 
lions  are  wanting.     But  the  probability  is  strong  that  the 
helium  now  sparsely  lurking  on  our  globe  is  a  mere  remnant 
of  a   far  ampler  store,  which    terrestrial   potencies,  whether 
gravitational  or  chemical,  were  incompetent  to  hold. 

Helium  scarcely  retards  the  passage  of  light.  Its  re- 
tractive index,  which  is  the  smallest  known,  is  expressed  by 
the  fraction  0*146,  those  of  air  and  hydrogen  being  re- 
spectively 1*0  and  0*5.  Still  more  unexpected  than  its  low 
refractivity,  is  ite  high  conductive  power  for  electricity. 
ProCeasor  Ramsay  ascertained  that  the  "  sparking  distance " 
through  helium  at  atmospheric  pressure  is  nearly  300  milli- 
metres, while  the  same  current  is  stopped  in  hydrogen  by  a 
gap  of  40,  in  oxygen  by  a  gap  of  just  24  millimetres.4 
Another  surprising  property  of  this  gas  is  ite  abnormal  faculty 
of  diffusion.      It  has  a  rate  of  self-dispersion  ten  times  that  of 

1  Raxnaay  and  Collie,  Pne.  Royal  Society ;  toI.  bt.  p.  56. 

f  Ibid,  toI.  lix.  p.  222. 

1  9m  Nalurt,  17th  and  24th  May  1000  (Cook  and  Johnatona  Stoaey). 

4  Fiflk  Robert  BoyU  Uctur*,  2nd  June  1896. 
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hydrogen,  or  fifteen  times  what,  by  Graham's  law,  it  ought  to 
be.  On  the  other  hand,  it  has  the  lowest  solubility  on 
record  ; l  water  absorbs  it  in  evanescent  quantities.  This  led 
to  the  anticipation,  amply  justified  by  experience,  that  helium 
would  prove  to  be  one  of  tho  most  obstinately  gaseous  bodies 
in  existence.  It  has  not  indeed  yet  (October  1902)  sur- 
rendered to  the  compulsion  brought  to  bear  by  Professor 
Dewar  in  his  memorable  researches  at  low  temperatures. 
Still,  the  cooling  efficacy  of  liquid  hydrogen  evaporating 
under  exhaustion  may  be  expected  finally  to  overcome  its  all 
bnt  invincible  recalcitrance,  and  the  "  salamander  gas  *'  of 
the  chromosphere  will  assume  the  guise  of  a  frigid  fluid 
boiling  five  or  six  degrees  above  absolute  zero. 

The  reversing  layer — properly  so-called — emits  apparently 
no  helium  rays.  A  reason  for  their  absence  has  been  already 
suggested,  and  is  tolerably  obvioua  They  are  extremely 
sensitive  to  dumping  influences.  Foreign  admixtures  readily 
occasion  their  suppression.  Thus  10  per  cent  of  helium  just 
shows  speetroscopically  in  hydrogen,  and  that  only  if  the 
pressure  in  the  tube  is  very  low ;  while  one  part  of  hydrogen 
in  100,000  of  helium  glows  manifestly  when  the  current  is 
made  to  pass.*  Nitrogen  has  a  similar  adverse  effect  upon 
helium-radiation,  which  would,  however,  gain  relatively  in 
strength  with  diminution  of  pressure  in  ascending  through 
the  reveraing-layer  into  the  chromosphere. 

Of  the  chief  coronal  ingredient  no  terrestrial  trace  has 
yet  been  found.  A  bright  green  ray  observed  during  total 
eclipses  is  its  only  assured  badge,  for  eight  or  nine  other  more 
refrangible  associated  rays  may  quite  possibly  emanate  from 
different  sukntances.  As  the  leading  gaseous  constituent  of 
a  structure  on  the  borderland  of  nothingness,  coronium  must 
be  an  unimaginably  subtle  form  of  matter.  It  exists  in 
prodigious  volumes  near  the  sun,  rising  to  heights  altogether 
inaccessible  to  hydrogen  or  helium,  yet  under  conditions 
differing  from  those  of  an  ordinary  atmosphere.  Successive 
coronal  strata  are  not  mutually  superincumbent.  There  is  no 
sign  that  their  density  increases  downwards.  The  character- 
istic green  line  is  no  less  fine  and  sharp  given  out  by  tho 


j.  Collie,  and  Trsven,  Jtmrtu  Ck*m.  Sontty,  1S95,  p.  097. 
3  Colli*  aud  Ramuy,  JVoe.  Royal  A*wtfy,  vol.  Ujl  p.  364. 
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r  than  by  tin*,  outer  corona.  No  reversal  of  it  him  over 
been  detected.  There  is  no  corresponding  Fraunhofer  line 
Thus  the  substance  most  plentifully  present  about  the  sun  is, 
by  a  strange  anomaly,  absolutely  passive  as  regard*  iU  light. 
This  is  most  probably  a  result,  not  of  any  specific  incapu<  iiy 
but  of  the  peculiar  state  in  which  it  subsists.  The  real 
qualities  of  consilium,  however,  and  its  entire  spectrum  can 
only  be  ascertained  by  laboratory  investigations.  That  these 
will  ever  become  practir.il  h-  it  would  be  rash  to  assume,  but 
it  is  permisaible  to  hope.  There  seems,  at  any  rate,  no  valid 
reason  why  coronium  timid  DOt  be  added  to  the  number  of 
unearthed  or  frozen-out  recondite  gases.  The  former  posses- 
sion by  our  planet  of  a  corotuuni-atmospherv  may  be  plausibly 
surmised.  But  it  moat  likely  vanished  still  earlier  limn  thut 
of  helium.  Had  its  materiul  been  endowed  with  chemical 
athuities,  some  compound  or  compounds  should  have  preserved 
it  more  or  less  abundantly.  It  would  have  been  detained,  as 
hydrogen  was  detained  in  water,  and  kept  available  for  our 
late  acquaintanceship.  Since  no  compound  of  the  kind 
appears  to  exist,  coronium  presumably  resembles  helium  in 
being  M  non-valent." 


CHAPTER    VI. 


THE    PHOTOSPHERE    AND   ITS    DUSKY    VEIL. 


The  sun  is  virtually  bounded  by  a  spherical  envelope  of 
intense  lustre.  What  lies  outside  is  negligible  in  mass  and 
function.  What  is  hidden  within  has  its  energies  concentrated, 
so  to  speak,  on  the  maintenance  of  the  "  photosphere  "  at  the 
highest  point  of  radiative  efficiency.  This  implies  enormous 
internal  activity,  the  slackening  of  which  would  be  the 
prelude  to  speedy  extinction.  The  materials  of  a  self- 
renewing  stratum  of  concentrated  emission  are  necessarily  in 
a  stale  of  flux.  Each  constituent  particle,  as  it  delivers  up 
its  store  of  light  and  heat,  becomes  instantaneously  effete,  and 
is  replaced  by  another.  Charging  and  discharging  processes 
pursue  a  ceaseless  round,  ceaseless,  that  is  to  say,  until  the 
growth  of  viscosity  fatally  impedes  them.  When  that  time 
comes,  convection -currents  cease  to  flow,  superficial  cooling 
advances  rapidly,  and  the  sun -like  stage  terminates.  The 
epoch  of  inertness  must  in  fact  arrive  when,  for  a  circulatory, 
a  fixed  surface  is  substituted.  During  some  long  antecedent 
period,  again,  the  same  body  was  presumably  too  rare  to  be 
definitely  limited,  and  might  fitly  be  designated  a  nebula.  So 
that  a  "sun  "  is  definable  as  a  gaseous  mass  clothed  with  a 
pellicle  of  dazzling  luminosity,  and  organised  for  long  con- 
tinuance in  the  capacity  of  a  distributor  of  light  and  heat, 

The  shining  pellicle  of  our  sun  is,  to  all  appearance,  of  a 
cloud-like  nature.  It  is  a  locus  of  condensation,  where  up- 
rushing  gases,  chilled  by  expansion,  momentarily  change  their 
state,  and  thus  acquire  the  power  of  suddenly  parting  with 
their  stored  energy.  The  ■  mottlings "  of  the  photosphere 
mark    visibly,    perhaps,    this     rapid    course    of    interchange, 

«2 
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brilliant  ioooalss  denoting  region*  of  art***!  ascent,  fleets 
these  of  corresponding  «mow  dmoeat      Shaft  it  is 

by  violent  turmoil,  the  evidence  of  the 
uuMJiufrriy.  The  reticnlatad  ems  em  highly 
Bidfes  and  brilliant  cumuli,  eome  hundreds  of  miles 
font  only  to  be  swept  away.  "When  we  eome  to 
stody  the  minute  details  of  the  granulations,"  Processor  Young 
writes,  "we  find  Movements  at  the  xeto  of  e  thousand  miles 
em  hew  to  bs  the  rale  lather  than  the  exception." ■ 

Sines  photoepherio  light  is  purely  continuous,  photo- 
spheric  ehemistry  remains  e  imra  incognita.  Only  con- 
features  are  possible  regarding  the  kind  of  matter  present  in 
the  solar  oondsasstions.  The  idee  that  they  may  be  turned 
of  carbon,  started  by  Dr.  Johnstone  Stoney  in  1867,"  is  still 
very  generally  entertained.  It  is  indeed  hampered  by 
iMnVoltass  at  present  insurmountable ;  bat  the  seme  may  be 
Said  of  every  other  hypothesis  on  the  subject.  Carbon  was 
iwnsBsnendsrt  lor  the  position  assigned  to  it  by  its  refjeeeori- 
■ess  to  heat  and  by  ite  great  radiative  power.  lampblack, 
we  awed  hardly  say,  is,  in  this  latter  respect,  the  standard 
Mbetanea  An  unfavourable  peculiarity,  on  the  other  head, 
is  its  inability  to  exist  as  a  liquid  under  conditions  at  all 
likely  to  be  realised  in  the  sun.  Carbon  has  no  fusing-point 
in  the  ordinary  sense.  At  a  temperature  of  about  3500°  C. 
it  sublimes  without  melting.  Preparatory  to  crystallising 
as  diamond  it  perhaps  liquefies  through  the  incomparable 
stress  of  molecular  forces,  but  the  process  is  transitory  and 
obscure.  It  has  never  been  observed ;  it  is  only  reasonably 
supposed  to  take  place.  Moreover,  at  or  near  the  photosphere, 
pressure  of  the  required  intensity  certainly  does  not  exist.  The 
cumuli  forming  it  should  then  consist,  not  of  carbon  droplets, 
bat  of  carbon  dust,  and  the  analogy  with  terrestrial  clouds 
would  disappear.  A  still  more  serious  objection  is  that 
carbon  volatilises  at  a  temperature  far  below  that  of  the 
photosphere.  Nor  are  we  acquainted  with  any  kind  of  matter 
the  condensation  of  which  might  be  thought  of  as  possible 
under  the  conditions  there  prevailing. 

The  question  of  temperature  is  fundamental  in  solar  physics. 

1  r^5B«,p.ll0,  edit  18*7. 
*  Proc  Royal  SocHy,  toI.  xri  p.  29. 
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Everything  that  regards  the  nature,  structure,  and  innate 
activity  of  the  solar  globe  depends  upon  the  answer  furnished 
tii  it.  And  of  late  the  answers  have  become  much  more 
plausible  than  those  discordant  to  the  extent  of  some  millions 
of  degrees  arrived  at  thirty  years  ago.  The  main  cause  of  this 
wide  uncertainty  lay,  not  in  the  actual  measurements,  which  can 
be  made  sufficiently  precise,  but  in  the  failure  to  establish  on 
secure  grounds  some  definite  relation  between  temperature  and 
radiation.  There  is  no  doubt  that  thermal  outflows  increase 
far  more  rapidly  than  the  accompanying  thermometric  rise — 
that  the  heat  received  at  a  distance  corresponds,  in  an 
augmented  proportion,  to  a  gain  of  heat  at  the  source  ;  but 
the  correspondence  has,  until  lately,  been  expressed  only  by 
empirical  rules,  not  implicitly  or  unconditionally  to  be  trusted. 
Boltzmauu,1  however,  supplied  an  ex  post  facto  theoretical 
basis  for  a  law  published  by  Stefan  of  Vienna  in  1879, 
according  to  which  radiation  grows  as  the  fourth  power  of 
temperature.  Its  agreement  with  facts,  so  far  as  they  are 
available,  is  besides  tolerably  close.  Yet  the  security  is 
precarious  that  it  continues  to  match  them  in  regions  of 
cosmic  heat,  unattainable  by  experiment,  It  was,  however, 
employed  by  Messrs.  Wilson  and  Gray,  with  some  modification 
and  with  excellent  results,  in  their  authoritative  determination 
of  the  sun's  temperature.* 

They  adopted  a  method  of  direct  observation,  involving 
the  fewest  possible  uncertainties  of  principle.  Sun-heat, 
allowed  to  fall  upon  a  "radio-micrometer" — an  instrument 
of  extreme  sensitiveness  invented  by  Professor  Boys — was 
measured  by  the  "  balancing  "  of  its  effects  against  those  of  a 
strip  of  platinum  heated  to  a  known  pitch.  This  gave  the 
means,  by  the  aid  of  Stefan's  law,  of  translating  them  into 
terms  of  temperature.  Allowance  had  then  to  be  made  for 
a  double  absorption,  first  in  the  sun's,  again  in  the  earth's 
atmosphere.  That  only  a  fraction  of  the  heat  emanating  from 
the  solar  condensations  reached  the  apparatus  in  the  West 
Meath  observatory  was  unmistakable ;  how  large  a  fraction 
was  less  easy  to  decide.  Langley  finds  that  the  intensity  of 
radiation  at  the  centre  of  the  disc  is  reduced  near  the  limb 

1  Soheioor,  StraMlung  und  Trm/Mrafvr  d*r  Sonns,  p.  27- 
•  IVw.  R»y*i  Socut:i,  toI.  XraL 
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by  one-half/  and  the  total  loss  is  estimated  by  Wilson  and 
Bambaut  at  one -third  of  the  whole.*  Hence  the  son's 
thermal  power  would  be  one  and  a  half  times  greater  than  it 
is  if  the  emitting  surface  were  stripped  of  its  absorbent  cover- 
ing, and  the  correction  of  temperature  demanded  by  its  action 
amounts  to  at  least  1000°  G. 

The  despoiling  effect  of  our  own  air  has  next  to  be  con- 
sidered. It  is  very  large,  and  so  are  the  discrepancies  in  its 
valuation.  Rosetti  of  Padua,  who  in  1879  determined  the 
temperature  of  the  sun  to  be  20,00  0V1  concluded  for  a  zenithal 
heat-stoppage  of  29  per  cent;  Langley  estimated  it  at  41 ;  Knut 
Angstrom4  in  1890,  laying  stress  for  the  first  time  upon  the 
thermal  opacity  of  the  carbonic  acid  ingredient  of  the 
atmosphere,  obtained  64  per  cent  as  the  ratio  of  absorption. 
This  seemingly  authentic  result,  namely,  that  only  36  per 
cent  of  the  heat  rays  striking  the  earth  vertically  are  trans- 
mitted to  its  surface,  was  provisionally  admitted  by  Wilson 
and  Gray,  and  after  having  made  careful  allowance  for  various 
kinds  of  possible  error,  they  arrived  in  1894  at  an  effective 
solar  temperature  of  8700°  C.  Substituting  Langley's  value 
for  terrestrial  atmospheric  absorption,  and  working  up  fresh 
experimental  data,  Mr.  Wilson  in  1901  reduced  this  figure  to 
6590  V  which  probably  underestimates  the  truth.  At  some 
such  inconceivable  degree  of  heat  the  undimmed  photospheric 
clouds  glow. 

This  is  not  all.  The  value  just  given  belongs  to  an  ideal 
stratum  in  the  sun.  It  stands  for  the  "  effective,"  not  the 
actual  temperature — the  temperature,  that  is  to  say,  which 
should  be  attributed  to  a  surface  of  standard  radiative  capacity 
sending  out  the  measured  quantity  of  heat.  Now  it  is  certain 
that  the  photosphere  falls  very  far  short,  in  emissive  power, of  its 
imaginary  substitute.  There  is  no  such  thing  in  nature  as  a 
l*rfectly  black  body,"  or  its  correlative,  a  perfect  radiator, 
the  etliciency  even  of  lampblack  Wing  only  six-tenths  of  what 
it  is  a>suin»'d  to  be  for  purposes  of  calculation.  And  the  sun 
i-  unlikely  to  l»e  as   good   a   radiator   as  lampblack.      It  must 

•    Youujf,    Th>  Sun,  |*.  30'J.  "   i'hit.    Tr<tn*.  vol.  clxxxv.  [i,  3'.»;. 

J  /'/../.  Mn'j.  vol.  viii.  ]»i».  32ft,  5.10. 

*    It'uil-  ihtinii'a  Annnhn.  lie),  \xiiw  |».  309. 

1  /V.*-.  Howl  Sucrtt,,,  12th  Derewlwr  1W01. 
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then  be  hotter  in  proportion  to  its  inferiority,  but  to  what 
extent  it  falls  short  of  the  ideal  standard  remains  undeter- 
mined. It  must  also  be  very  unequally  hot.  The  brilliant 
granules  giving  its  Hocculent  appearance  to  the  photosphere 
radiate  much  more  intensely  than  the  gray  interspaces.  Hence 
computed  temperatures  represent  an  average  higher  than  pn •- 
vails  in  some  formations,  lower  than  is  assignable  to  others. 
It  is  noticeable  that  several  corrections  based  upon  recent 
improvements  in  experimental  data  tend  to  enhance  our 
conception  of  the  tremendous  energy  of  solar  beat 

Le  Chatelier'8  method  '  of  employing  the  intensities  of 
selected  rays  in  various  light-sources  as  a  criterion  of  tempera- 
ture gave  7600°  C.  for  that  of  the  sun  (uncorrected  for  solar 
absorption).  It  is,  however,  of  doubtful  validity.  A  parallel 
line  of  research  was  opened  by  Langley's  establishment  of  the 
principle  that  temperature  is  connected  by  a  definite  relation 
with  the  wave-length  of  maximum  energy  in  the  spectrum  of 
a  radiating  body.  Divergent  views,  nevertheless,  prevail  as 
to  the  for m  of  the  relation.  Michelaon 2  and  Rubens1  agree 
that  the  wave-length  of  most  powerful  emission  varies  in  length 
inversely  as  the  square  root  of  the  temperature,  while  Poachen 
and  Wien  *  maintain  that  the  simple  inverse  ratio  tallies  more 
closely  with  facts.  The  outcome  in  determinations  of  the 
sun's  heat  differs  of  course  vastly  with  the  law  chosen.  From 
Michebon's,  H.  Ebert  deduced  in  1894  a  temperature  of 
40,000°  C.,  but  added  the  qualifying  remark,  ■  The  parte  of 
the  sun  to  which  this  value  applies  belong  to  the  more  interior 
regions ;  they  are  at  auy  rate  deep  under  the  reversing  layer, 
and  therefore  probably  below  the  photosphere." a  Now  sub- 
photospheric  heat  may  be  of  almost  any  intensity  ;  hence  the 
result,  although  not  very  informing,  is  safe  to  be  in  some 
sense  correct.  Paschen,  on  the  other  hand,  obtained  the  low 
value  of  5130°.  It  might  he  added  that  the  law  upon 
which  he  relied  is  suspiciously  simple,  "  in  view  of  the  known 
complexity  in  the  radiation  of  a  solid  body,  and  the  various 
rates  of  increment  with    temperature  attaching  to  different 

1  Ckmpim  JZmrfvj,  1  cxir.  p.  737,  18»2. 
■  J<mm.  44  fAyipu,  t.  »t  p.  474,  1887. 
"   WW.  Ann.  Bd.  ML  p.  281.  18P4. 
*  A*r^ph.  Journ.  to!*,  ii.  p.  202,  x.  p.  40,  «.  p.  x88.        ■  lUd.  toI.  ii.  p.  57. 
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ray*,"  l  It  teams  to  be  one  of  those  formula  which  cannot  be 
trusted  far  out  of  light  They  are  not  tru*  enough  to  bear 
extension  into  regions  beyond  experience.  Useful  over  a 
moderate  compass,  they  prove  treacherous  adjuncts  to  investi- 
gation. Difficulties,  indeed,  all  but  insuperable  hamper 
attempts  to  infer  the  solar  temperature  from  comparisons  of 
spectral  energy-corves.  Unexpected  peculiarities  are  found  to 
characterise  the  modes  of  emission  of  solid  bodies.  Evan  con- 
tinuous spectra  are  to  some  extent  distinctive.  Thus  the 
same  quantity  of  energy  is  very  differently  distributed  in  the 
cays  seat  out  respectively  by  polished  and  lampblacked 
platinum,  by  carbon  filaments,  copper,  and  iron  oxides ; 
while  with  an  equal  increase  of  energy,  the  distribution 
becomes  diversely  modified  for  each  substance.  For 
each,  that  is  to  say,  the  maximum  ordinate  of  the  energy- 
curve  creeps  upward  at  a  different  rate.  In  the  absence, 
then,  of  precise  knowledge  as  to  the  composition  and 
condition  of  the  photosphere,  inquiries  as  to  its  tempera- 
ton,  based  on  this  principle,  are  futile.  We  should  first  need 
to  be  acquainted,  in  Professor  Very's  words,  with  "  the  selec- 
tive radiating  power  of  the  solar  photosphere." '  Generalisa- 
tions are  here  eminently  unsafe,  since  laws  of  radiation 
derived  from  the  experiments  with  one  kind  of  material  are 
by  no  means  certain  to  prove  applicable  to  others.  Besides, 
the  "  absolute  solar  spectrum  "  (as  Langley  calls  it)  cannot  be 
directly  observed,  and  the  shape  of  its  representative  curve  is 
most  materially  altered  by  the  effects  of  absorption  in  the 
solar  atmosphere. 

On  the  whole,  the  straightforward  plan  of  attack  on  the 
problem  of  the  bud's  heat  seems  the  most  promising.  Messrs. 
Wilson  and  Gray's  practical  operations  left  little  room  for 
improvement,  and  the  uncertainties  affecting  their  final 
result  will  gradually  diminish  with  the  progress  of  other 
kinds  of  research.  As  higher  temperatures,  for  instance,  are 
brought  under  command,  the  range  allowed  to  perilous  pro- 
tesnes  of  "extrapolation"  cau  be  restricted.  And  improve- 
ments, sure  ere  long  to  l>e  realised,  in  the  value  assignable  to 
telluric    atmospheric    absorption,  will    effectually  reduce   the 

1  F.  W.  Very,  Antroph.  Journ.  vol.  u.  p.  317. 
3  Ibid.  vol.  iv.  ik  44. 
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marginal  errors  attached  to  present  estimates  of  tiie  primitive 
heat-power  of  the  sun. 

Fluctuations  in  the  sun's  heat-power  must  be  regarded  as 
possible,  and  they  might  l»e  either  irregular  or  periodical. 
Indeed,  the  superposition  of  both  kinds  of  change  would 
perhaps  be  more  likely  than  the  occurrence  of  either 
separately.  Their  detection  would,  in  any  case,  be  extremely 
difficult,  although  it  is  not,  in  Messrs.  Wilson  and  Gray's 
opinion,  to  be  regarded  as  hopeless.  The  required  measures 
would  be  simply  differential ,  and  differential  measures  escape 
many  of  the  snares  that  hamper  the  execution  of  absolute 
measures.  But  comparisons  in  this  matter  are  rendered 
almost  nugatory  by  inconstancy  of  weather.  Variations  in 
the  "  solar  constant/' x  even  if  real,  would  probably  be  masked 
by  local  and  temporary  changes  in  the  diathermancy  of  the 
air.  Professor  Very  holds  that  "  under  these  circumstances 
refinements  in  actinometry  are  of  small  avail,"3  and  he  suggests 

■  that  the  problem  will  have  to  be  solved  entirely  by  meteoro- 
logical methods."  *  M  If  temperature  and  humidity  observa- 
tions could  be  collated  from  the  logs  of  vessels  crossing  the 
torrid  zone,  estimates  of  oceanic  evaporation  from  day  to  day, 
combined  with  rainfall    measures,  might    lead"  he   believes, 

■  to  the  detection  of  the  variation  of  solar  radiation."  But 
the  chance  of  their  doing  so  appears,  all  things  considered,  to 
be  incalculably  small.  The  elements  of  disturbance  are  too 
numerous  and  too  strong  to  permit  the  emergence  of  the 
slight  residual  effects  looked  for.  Far  preferable  appears 
Piazzi  Smyth's  plan  of  earthing  thermometers  deeply  enough 
to  be  inaccessible  to  superficial  vicissitudes  of  temperature. 
And  it  can  scarcely  be  without  significance  that  the  readings 
of  those  buried  on  the  Gallon  Hill  showed  oscillations  co- 
incident in  period  with  the  sun-spot  cycle. 

1  The  "  eolar  constant "  u  the  number  of  milt*  of  heat  per  unit  of  are*  which 
would  he  received  in  unit  of  time  hy  the  earth 'e  aurfece  if  it*  atmoephere  were 
removed.  The  moat  approved  value  ia  throe  (email)  calories  per  equaro  ceuti 
metre  per  minute,  a  "intaJl"  calorie  being  the  quantity  of  heat  requiaito  to 
raiae  oue  gramme  of  water  one  degree  centigrade. 

*  Hence  Savr-liei!"*  l*i  peri  menu,  according  to  which  the  aolar  energy  pro- 
gmaJvely  augmented  with  the  increaae  in  the  number  of  apota  in  the  year*  1800, 
1891,  and  1892,  are  atiggeitivs  rather  than  conclusive  [Qmfhl  JUtuIum,  t,  cxriii. 
p  62,  and  Aatropk,  Joum.  vol.  riii-  p.  346). 

•  JMnpk.  Jtnrn.  vol.  vii.  pp.  265,  2«4. 
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Absorption  in  the  sun's  atmosphere  may  also  prove  to  be 
variable.  And  here  again  differential  observations  should 
suffice  to  test  the  question.  They  were  undertaken  by  Wilson 
and  Rambaut  in  1892,  but  relinquished  after  one  series  had 
been  made.  The  method  employed  was  to  pass  an  image  of  the 
sun  across  the  radio-micrometer,  while  the  motion  of  a  spot  of 
limelight,  reflected  from  the  mirror  of  the  instrument,  recorded 
the  changing  amounts  of  heat  received  from  the  different  parts 
of  the  disc  The  intention  was  to  obtain  such  "  curves  of 
absorption  "  frequently  throughout  an  eleven-year  cycle,  and 
thus  determine  the  question  of  concurrent  fluctuations  in 
depth  of  the  absorbing  envelope.  "  If  we  find,"  the  authors 
wrote,  "  that  such  changes  are  taking  place,  as  would  be  shown 
by  the  alteration  in  the  ratio  of  the  heat  from  the  limb  and 
centre  of  the  disc,  we  think  it  will  be  quite  possible,  by  an 
investigation  of  the  co-ordinates  of  these  curves,  to  determine 
the  change  in  the  value  of  the  solar  constant." ] 

This  theoretical  possibility,  nevertheless,  is  still  a  long 
way  from  realisation.  Divers  indications  lead  almost  irre- 
sistibly to  the  conclusion  that  the  sun  is  hotter  at  certain 
times  than  at  others  ;  and  Professor  Young  counts  it  as  "  one 
■  <t  the  most  important  and  difficult  problems  of  solar  physics 
now  {tending  to  determine  the  actual  amount  of  these  varia- 
tions and  ascertain  the  laws  that  govern  them."  Rut  they 
are.  as  we  have  partly  seen,  disguised  by  manifold  com- 
plications. 

The  one  clear  upshot  of  inquiries  into  the  temperature  of 
the  sun  is  to  show  that  it  stands  high  above  the  l>oiling 
poinU  of  the  most  refractory  among  the  chemical  elements. 
The  fact  is  embarrassing,  hut  cannot  lw  evaded.  Apart  from 
its  consideration,  no  theory  as  to  the  nature  of  the  photo- 
sphere is  of  the  slightest  value.  And  it  is  no  easy  task  to 
frame  one  bringing  it  into  harmony  with  other  circumstances 
equally  well  assured,  and  equally  rigid  in  their  consequences. 
Thr**?  alternative  hypothesis  may  be  said  to  exhaust  the 
|M>-.-H»ilities  of  the  subject.     They  arc  as  follows: — 

I.  The  photosphere  is  a  surface  of  condensation  for 
unknown  materials  capable  of  maintaining  the  liquid  or  solid 
-Lite  at  a  transcendent  degree  nf  heat. 

■    /Vdf.  Howl  frith  .lout.  vol.  ii.  1 1.  21*0,  third  «Tien. 
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2.  It  is  a  surface  of  condensation  for  known  materials 
under  unknown  conditions. 

3.  It  is  no  true  surface  of  condensation,  the  substances 
composing  it  being,  although  viscous,  still  vaporous. 

Now  each  of  these  explanations  is  largely  an  appeal  to 
ignorance,  and  so  far  scarcely  deserves  to  be  ranked  as  an 
explanation  at  all.  Yet  one  of  them  must  be  fundamentally 
true.  The  first  may  be  dismissed  as  contradictory  of  a 
strong  consensus  of  evidence.  The  third  involves  glaring 
incongruities,  both  with  what  can  be  seen  and  with  what 
must  lie  inferred.  There  remains  only  the  second.  We 
seem  bound  to  adopt  the  view  that  the  sun  is  veritably  clothed 
in  a  kind  of  cocoon — a  web  of  incandescent  filaments.  It  is 
perhaps  of  mixed  composition.  The  surface  is  irregular.  It 
comprises  "fleece -like  floors"  at  apparently  different  levels. 
Possibly  they  represent  the  successive  condensations  of  various 
substances — silicon,  carbon,  titanium,  vanadium,  platinum,  to 
mention  a  few  of  those  most  resistant  to  heat.  The  diversity 
of  their  emissive  powers  might  contribute  to  produce  the 
toning*  brought  out  in  photographs  of  the  disc,  and  the 
arrangement  would  be  analogous  to  the  surmised  replacement 
in  our  upper  air  of  aqueous  by  carbonic  acid  cloud  -  fields. 
But  the  postulated  "unknown  conditions"  needed  to  enforce 
condensation  at  the  enormous  temperature  of  the  photosphere 
may  long  continue  to  baffle-  the  scientific  imagination. 

A  darkening  of  the  sun's  disc  towards  the  limb  is  obvious 
telescopically,  and  conspicuous  photographically.  Its  amount, 
measured  by  Bouguer  in  1729,  formed  the  basis  of  Laplace'* 
calculation  that  the  arrest  of  light  indicated  was  no  less  than 
eleven-twelfths  of  the  entire.  The  data  were  correct,  but  tin 
result,  owing  to  certain  mistaken  assumptions,  was  greatly 
in  error.  Modern  authorities,  nevertheless,  are  far  from  being 
■  numinous  on  the  subject.  Pickering  finds  that  the  intrinsic 
lustre  of  the  sun  exceeds  its  apparent  lustre  four  and  two-third 
times;  the  disparity,  according  to  Vogel,  is  about  two-fold. 
There  ore,  however,  distinctions  to  be  made.  The  absorption 
in  the  solar,  as  in  the  terrestrial  atmosphere,  is  markedly 
selective.  The  brunt  of  its  attack  falls  upon  the  most 
refrangible  rays.  Father  Secchi  noticed  in  1870,  and 
Professor  Langley  again  in  1875,  that  the  light  from  the  limb 
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is,  in  consaqiieiKC,  tinged  with  chocolate  brown,  while  that 
from  the  central  parts  of  the  din  seems  bluish  by  comparison. 
Thk  general  indication  wu,  in  1877,  analysed  by  Br.  Yogel,1 
who,  by  detailed  measurements  with  a  ipeetral  photometer 
mnstoautul  on  the  polarising  principle,  ascertained  that  80 
per  cent  of  the  red,  bat  only  13  per  cent  of  the  violet 
marginal  rays  penetrate  the  eolar  atmosphere.  Hence  an 
alteration  in  tint  corresponding  in  ita  mode  of  origin  to  the 
raddy  suffusion  of  the  setting  sun.  Now  Seeliger  has  pointed 
out  that  selective  absorption  implies  a  medium  of  high 
refractive  power;  hot  equivalent  conditions  might,  according 
to  K.  von  Oppober,'  be  supplied  by  Ma  ran  atmosphere  in 
which  flying  particles  are  suspended."  It  is,  beyond  doubt, 
aa  exceedingly  shallow  one.  This  was  inferred  by  Vogel  from 
the  rapid  degradation  of  light  towards  the  edge  of  the  diss, 
and  it  is  rendered  patent  to  sense  by  the  brilliancy  of  faculsr 
■mwnit^  which,  rising  above  the  absorptive  strata,  shins 
nnvefled  against  the  dusky  limb.  Obviously,  then,  the 
darkening  effect  is  produced  in  the  immediate  neighbourhood 
of  the  photosphere.  It  cannot  be  due  to  cod  gases,  and 
hot  gases  stop  light  distinctively  in  isolated  beams.  An 
alternative  hypothesis  was  suggested  some  time  ago  by 
Professor  Hastings  of  New  Haven.  The  sun's  so-called  "  atmo- 
sphere "  is,  in  this  view,  nothing  more  than  a  smoke-laden 
stratum.1  Minute  solid  particles  of  carbon  or  silicon,  carried 
upward  from  the  photospheric  clouds,  are  the  agents  of 
obscuration.  The  assumption  of  a  solar  analogue  to  a  London 
fog  is  certainly  a  daring  expedient,  yet  none  more  satisfactory 
is  at  present  available. 

The  bud's  "  veil "  is  indeed  particularly  difficult  to  fit  in 
with  the  rest  of  its  economy.  It  manifestly  exists,  and  the 
position  seemingly  prescribed  for  it  is  between  the  photosphere 
and  the  reversing  layer,  although  Dr.  Scheiner  prefers  to  place 
it  in  chromospheric  regions.4  In  some  torrid  locality,  at  any 
rate,  it  exercises  a  kind  of  action  characteristic  of  cool 
substances.     Its  composition  out  of  refrigerated  materials  is 

1  MonaUberichU,  Berlin,  1S77.  \:  104. 
1  Artroph.  Journ.  vol.  i.  p.  261. 

■  Froaedingi  Amer.  Acad,  of  Sciences,  1880  ;  Amer.  Joum\  qf  Science,  toI.  ixL 
p.  II,  1881.  4  StraJUung  und  Tcmperalur  rf«r  Sonne,  p.  4». 
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strongly  indicated-  The  refrigeration,  however,  may  be 
excessively  transient  as  regards  each  individual  particle, 
although  permanent  in  their  aggregate.  The  general  e fleet 
is  to  diminish  the  sun's  heat  by  one-third  or  one-half,  and  its 
light  by  fully  two-thirds,  with  an  attendant  change  to  pale 
primrose  of  its  original  glacier-green  tint. 

Among  the  many  enigmas  of  solar  physics  there  is  none 
more  curious  or  more  evasive  than  that  which  confronts  us 
in  this  intimate  appurtenance  of  the  photosphere.  Even  the 
Kan  of  approach  to  it  are  veiy  few.  Yet  some  are  practic- 
able, and  almost  untried.  Researches  of  a  special  kind  into 
the  spectra  of  sun-spots  should  help  towards  its  elucidation ; 
still  more,  perhaps,  careful  spectroscopic  comparisons  with  the 
obscurer  interstitial  spaces  of  the  brilliant  granules  strewing 
the  solar  surface.  If  these  are  relatively  dark  through  a 
mere  lowering  of  temperature,  then  little  can  be  learned  from 
them  in  this  connection.  But  if  they  are  dark  through 
increased  absorption,  it  will  bo  important  to  determine 
whether  the  absorption  corresponds  to  that  produced  by  the 
problematical  "veil"  Are  they,  in  other  words,  sinks  for 
solar  soot  t  Do  they  mark  the  lines  of  subsidence  of  the 
same  refuse  materials  which  by  their  interposition  dim  and 
tarnish  the  shining  face  of  the  sun  1  A  definite  reply  to  the 
question  would  bring  us  proceptibly  nearer  to  the  goal  of  our 
inquiries  into  the  nature  of  the  sun's  "smoke"  envelope. 
What  cannot  lie  doubted  is  the  importance  of  its  function  as 
a  regulator  of  the  sun's  output  of  energy.  This  has  for  the 
first  time  been  adequately  discussed  by  Dr.  J.  Halm  in  a 
paper  incorporated  with  the  Annals  of  (he  Boyal  Observatory, 
Edinburgh^  His  views  on  the  subject  demand  careful 
consideration. 

>  Vol.  i.  p,  74,  190L 


CHAPTEE    VIL 

STRUCTURE    AND    MOVEMENTS    OF    BUN-SPOTS. 

A  normal  son -spot  conaista  of  a  round  black  "umbra/* 
garnished  with  a  circumferential  "penumbra."  The  chief 
member  of  the  group  shown  in  Fig.  6  is  a  good  example. 


Flo.  ft.~-Saa-«pot  photographed  by  Juuno,  April  1, 18M  (from  KnowUd^  vol.  xvilL  p.  106). 

The  ground  should  be  almost  white,  with  the  granular  texture 
delicately  indicated  The  details  of  such  objects,  however, 
are  seen  much  better  than  they  can  be  photographed  even 
by  the  consummate  art  of  M.  Janssen. 

One  of  their  characteristic  features  is  the  definite  separa- 
tion  of  their  parts.     The  umbra  does  not  merge  into  the 
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penumbra.  HOI  the  penumbra  into  the  photosphere;  the  lines 
of  demarcation  are  as  sharp  as  the  edge  of  a  cascade  Their 
darkness  is  indeed  accentuated  by  the  enhanced  brilliancy  of 
the  regions  invaded  by  them.  An  immense  area  of  disturb- 
ance usually  surrounds  an  active  spot,  and  this  area  of 
disturbance  is  also  an  area  of  actual  elevation.  A  series  of 
micrometrical  measures  carried  out  by  M.  Sykora  of  the 
Charkow  observatory  in  1896  showed  that,  as  a  very  general 
rule,  the  sun's  diameter  is  lengthened  in  the  direction  of  a 
spot  on  the  limb.1  The  fact  is  most  significant,  for  it 
indicates  relief  of  pressure  as  perhaps  the  cause,  and  certainly 
as  au  accompaniment  of  solar  outbreaks,  and  thereby  associates 
them  with  volcanic  explosions.  Now  a  region  lifted  is,  on 
the  sun,  a  region  brightened,  the  effects  of  absorption 
diminishing  with  the  rise  of  level.  Hence  the  exceptional 
vividness  of  the  photosphere  in  a  spotted  neighbourhood. 

Facuhe  gain  higher  altitudes,  and  are  consequently  still 
more  lustroua  They  are  like  the  summit-ranges  of  a  table- 
land. Their  connection  with  spots  is  intimate,  but  not  in- 
separable. Every  spot,  it  is  true,  claims  a  retinue  of  faculK ; 
but  faculw  exist  abundantly  where  there  are  no  spots.  It  is 
a  moot  point  whether  spots  can  come  into  being  apart  from 
preceding  facular  disturbance.  "  Which  is  the  forerunner  of 
the  other?"2  is  a  question  not  to  be  answered  bff-fcftod 
As  a  rule,  the  embryo  spot  has  apparent  priority.  The  rule, 
however,  is  not  invariable,  and  the  priority  recorded  may 
often  be  illusory,  facuhe  being  extremely  evasive  of  observa- 
tion. Their  survival,  on  the  other  hand,  after  the  opfttdngp 
enwreathed  by  them  have  closed,  is  obvious  and  constant. 
The  complex  relatione  of  the  two  kinds  of  phenomenon  must 
be  unravelled  before  the  nature  of  either  can  he  thoroughly 
understood. 

Photospheric  structure  is  very  curiously  modified  in  the 
penumbrrc  of  spots.  The  roundish  granules  of  the  unbroken 
surface  seem  as  if  drawn  out  into  threads,  which  lie  side  by 
side,  pointing  radially  inward,  and  overhang  the  umbra  with 
ragged  edges,  compared  by  Dawes  to  those  of  an  untriuiiued 
-':.  w-tbatch.     And  the  eaves  of  this  luminous  thatch  are  its 

1  Jar.  tfo<A.  Kofc  awo,  Mia 

1  IUv.  W.  8MJJMTM,  Attr.  a*d  Attrfphy***,  xJL  xu  p.  212. 


Mghtsat  put,  possibly  because  of  the  crowding  together  of 
forced  into  a  narrow  circular  space.  The  whole 
rniggsata  the  subjection  of  viscid  manes  to  a  polling 
a«tioo  fmanating  from  the  centre  of  disturbance,  by  which 
they  an  stretched  and  carded  like  wool-Hooka. 

The  umbra  of  a  sun-spot  shows  a  cloudy  texture,  markedly 
unlike  the  streaky  aspect  of  the  penumbra.  This  can  be  per- 
eafoed,  however,  only  when  the  seeing  is  exceptionally  good. 
The  ordinary  impression  is  of  uniform  and  very  profound 
darkness.  Contrast,  indued,  grc.it  U  heightens  this  effect.  The 
obscurity  is  only  comparative.  Mr.  Kverehed  estimates  the 
I  i^rlit -emissions  from  umbra:  as  varying  from  about  one- 
twentieth  to  one- hundredth  those  of  the  dazzling  photo- 
sphere,1 and  when  intersected  by  the  black  advancing  moon 
daring  the  progress  of  a  total  eclipse  they  seen  dully  bright.3 
Yet  with  differences.  They  are  rarely  of  the  some  tint 
throughout.  Dawes  perceived  in  1852  a  "  black  opening  "  in 
the  umbra  to  be  a  characteristic  of  nil  well-developed  spots. 
It  can  only,  however,  be  discerned  visually,  and  that  bj  fchfl 
aid  of  special  precautious  ;  the  sensitive  plate  takes  no  notice 
of  this  deeper  depth  of  shadow,  which  has.  accordingly,  rewivi'd 
somewhat  less  attention  than  it  deserves.  Fortunately 
eye-and-hand  portrayals  still  continue  to  be  made,  and 
they  not  infrequently  afford  valuable  records  of  the  Dawes 
phenomenon.  M.  de  Pereira,  a  Portuguese  observer  at  the 
Azores,  wrote  as  follows  of  a  group  which  came  into  view 
20th  April  1895  :  "  The  sense  of  a  cavity  in  this  spot  is  un- 
mistakable, as  though  the  crust  of  the  sun  were  torn  and 
scratched,  and  the  black,  or  rather  dark,  under-skin  were 
visible  beneath.  Definition  on  this  day  was  the  best  I  have 
ever  seen,  enabling  me  to  make  the  smallest  detail  reliable. 
On  the  24th,  this  same  spot  showed  a  conspicuous  black  hole 
in  what  I  may  coll  the  centre  of  gravity,  a  dazzling  white 
bridge  crossing  it  from  south  to  north-east,  and  a  smaller  one 
lying  on  the  northern  edge  of  the  abyss,  the  brims  being  full 
of  curiously  intertwined  points  of  photospheric  matter."  *  The 
chief  member  of  the  splendid  group  visible  in  the  sun's  southern 

1  Aatroph.  Journ.  vol,  v.  p.  250  ;  Observatory,  vol,  xxi.  p.  404. 

*  Memoirs  Royal  Astr.  Society,  vol.  xli.  p.  8  (R»ny»rd). 

"  Memoir*  Brit.  Attr.  Am.  vol.  t.  p.  84. 


76 


PROBLEMS  IN  ASTKOl'HYSICS 


hemisphere  during  the  last  half  of  February  1894  had  also 
an  inner  nucleus,1  aud  the  same  feature  has  been  studied  in 
numerous  examples  by  Father  Cortie,  Mr.  Maw,  and  others. 
It  is  commonly  associated  with  the  presence  of  "  bridges,"  and 
both  belong  characteristically  to  the  final  stages  of  active 
spota  Bridge-building  is  preliminary  to  the  indraught  of 
luminous  matter  by  which  photoepheric  breaches  arc  closed ; 
it  might  be  compared  to  the  trickle  under  the  dyke  that 
preludes  the  rush  of  inundating  waters.     The  process  is  a 


Pi*.  T.—  Photograph  of  *  DrUgcd  Hm.-«j«>t,  by  Jiumii  (from  ATitotrtotyc,  vol.  rllL  p.  *<). 


remarkable  one.  From  abutments  (so  to  call  them)  at 
opposite  sides  of  the  umbra,  segments  of  light  protrude ;  then 
at  a  given  moment  they  unite  with  a  leap  or  a  flash,  and  the 
arch  stands  complete.  A  beautiful  photograph  by  Janssen  of 
a  spot  doubly  spanned  is  reproduced  in  Fig.  7.  But  the 
ground  is  altogether  too  dark.  The  surface  near  the  spot  was 
dazzling,  likewise  the  facular  masses  crossing  the  nuclei 

"  On  the  negative/'  Mr.  Ranyard  wrote  in  describing  it, 
"the  brilliant  bridge  which  stretches  across  the  great  spot  is 
seen  to  break  up  into  a  number  of  distinct  elongated  masses," 
and  these  are  evidently    the  "  rice-grains  "  of  the  photosphei* 
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Laid  end  to  end  in  single  file  for  suspension  above  the  Abyss. 
Thi*  kind  of  structure  is  probably  always  present,  although 
often  imperceptible  Exceptional  facilities  are  needed  to  bring 
out  the  finer  details  in  spote.  Thus  Professor  Young  tolls  us 
that,  on  tin-  rum  <mv;im<>hn  when  powers  of  *ix  hundred  and 
upward  could  be  profitably  used  with  the  twenty-three-inch 
Princeton  refractor,  lie  succeeded  in  resolving  "  the  apparently 
club-like,  almost  bulbous  ends  of  the  pemimhr.il  filaments" 
into  *  fine  sharp-pointed  books,  reminding  one  of  the  curling 
tips  of  flames*  or  grass-blades  bending  over.  Ordinarily,"  he 
adds,  "they  are  seen  as  club-like  simply  because  of  tin df 
brightness  and  the  irradiation  und  diffraction  effects  of 
moderate-sized  object-glasses."  ' 

The  connection  of  "bridges"  with  "black  holes"  was 
tentatively  explained  in  a  valuable  paper  presented  by  Father 
Cortie  to  the  Koyal  Astronomical  Society,  11th  May  1900. 
He  considers  that  the  hitter  may  be  the  portions  of  the  umbra 
left  uncovered  by  ■  faculous  veils/'  which,  extending  from  the 
penumbra,  not  un frequently  lighten  up  certain  regions  of 
nuclear  gloom,  leaving  others  more  profoundly  dark  by  contrast. 
Now  the  relationship  between  "veils"  and  "bridges"  is 
obviously  quite  close.  Both  represent  luminous  invasions, 
although  differently  organised  and  conditioned,  and  both  an- 
heralds  of  decay.  Their  kinship  is  on  occasions  emphasised 
by  the  development  of  one  from  the  other.  Twice  at  least, 
in  1865  and  1866,  the  transformation  into  "roseate  veils"  of 
brilliant  arches  spanning  the  umbne  of  spots  was  observed 
by  Father  Secchi  at  Rome.*  He  was  quite  positive  about  the 
colour  of  these  "  veils,"  which  seems  to  intimate  for  them  a 
gaseous  nature,  assimilating  them  to  prominences  rather  than 
to  faculas.' 

Sun-spots  are  rarely  solitary.  They  ordinarily  appear  in 
clusters  or  processions,  consisting  of  one  or  two  dominating 
members  and  many  satellites,  down  to  mere  umbral  dots  and 
penumbral  scraps.  Individual  spots  show  endless  varieties  of 
conformation.  The  nuclei  are  often  multiple ;  as  many  as 
nine  umbne  have  been  seen  within  the  compass  of  a  single 

1  The  Sun,  p.  125.  ■  U  SoU,  p.  82,  ed.  1864. 

*  Suffusion*  of  dark  red  matter  were  obaerred  in  the  umbne  of  a  multiple 
■pot  by  E.  S.  Martin   17th  Septemlwr  1893,  Popular  Agronomy,  rol.  i.  p.  91. 
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penumbra.  Again,  they  become  pear-shaj>ed,  or  spiral,  or 
caudate,  as  if  through  the  action  of  stresses  or  twisting  forces 
of  an  unknown  character.     The  penumbra  is  equally  subject 


rw.  &.— Sui-ipot  ilnvn  by  J.  de  M.  ren-lm.  lMhJnneMM. 

to  irregularities.  It  is  sometimes  a  mere  torn  strip  of  fringe ; 
half  the  umbra  may  be  duly  furnished  with  its  valarwe,  while 
the  other  half  remains  bare ;  or  the  umbra  and  penumbra 
may  be  disjoined  by  intruding  photospheric  matter.  Fig.  8 
shows  a  "  fimbriated  "  spot   from   a  drawing  by  M.  de  Pereira, 


*iu.  v.-<in*ipi>f  ftun-M***  onwii  by  Mi-  k.  Uro«m.  UUi  j.*x\m  im. 

the  partially  veiled  and  bridged  umbra  of  which  included  two 
conspicuous  black  holes. 

In    Pig,  9   three  "confluent"  spots  are  represented,  drawn 
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by  theleteMiseR  Brown,  16th  August  1894.  8h«  described 
the  group  as  covering  "a  vast  extent  of  surface  with  a  mm 
of  nuclei  and  penumbra  partially  connected  and  very  variable 
in  form.*  A  few  hours  later  the  largest  nucleus  had  assumed 
a  helical  form,  and  seemed  to  be  "throwing  out  feelers  like  a 
jelly-fish."1  Strong  hydrogen  incandescence  was  spectro- 
soofaoalry  perceived  to  be  an  accompaniment  of  these  rapid 
change*.  The  gnat  spot  of  September  1898  had  in  ita  declin- 
ing stage  a  nucleus  divided  by  intersecting  bridges  into  three 
lobes;  it  assumed  on  3rd  October  the  shape  of  an  ace  of  dabs,* 
Mr.  Maw  perceived  in  the  same  object  on  11th  September 
delicate  veins  of  comparative  brightness,  termed  by  him  "sub- 
merged bridges."1  Indeed  he  believes  this  to  be  a  constant 
feature  of  large  spots,  the  umbrae  of  which,  viewed  with  a  suit- 
able eye-piece,  appear  no  longer  uniformly  dark,  but  marked 
with  fine  traceries  in  chiaroscuro.  These  cannot  at  present 
be  photographed,  and  their  visual  detection  accentuates  the 
indispensable  co-operative  functions  of  the  eye  and  the  sensitive 
plate. 

The  level  of  sun-spots  has  once  more  become  a  subject  of 
active  debate.  Yet  it  was  believed  to  have  been  determined 
once  for  all  in  the  eighteenth  century  by  the  geometrical 
reasonings  of  Dr.  Wilson.  The  characteristic  perspective 
effects  of  depression  below  the  surface  were  noted  by  him 
in  a  well-developed  spot  as  it  circuited  the  sun's  globe  in 
November  1769,  and  the  saucer-like  conformation  of  all  such 
objects  was  universally  admitted  for  a  hundred  years  and 
upwards,  notwithstanding  frequent  failures  to  verify  the  due 
optical  consequences  of  their  changing  situations.  At  last, 
however,  this  "  venerable  theory  "  (as  Professor  Frost  calls  it) 
has  been  uprooted  from  the  soil  of  conviction.  It  is  denied 
by  many  on  geometrical  grounds  alone  ;  by  some  on  physical 
grounds  as  well  Not  that  it  has  been  finally  discarded,  but 
its  credit  is  gravely  impaired.  Certainly  all  spots  do  not 
follow  its  prescriptions ;  probably  very  few  strictly  comply  with 
them.  Irregularities  of  form  account  for  a  good  many  of  these 
deviations,  but   other*  cannot   be  so  readily  explained    away. 

1  Memoirs  Brit.  Astr.  Am.  rol.  it.  p.  92. 
1  Maunder,  Obaervatory,  rol.  xxi.  p.  403. 
•  Ibid.  p.  402,  roL  xxiii.  p.  233. 
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Mr.  F.  Howlett,  in  offering  to  the  Royal  Astronomical  BflOJfitj. 
14th  December  1894,  three  volumes  of  drawings  representing 
khfl  t'ruite  of  thirty-five  years  of  6olar  scrutiny,  declared  un- 
compromisingly that  the  Wilsonian  view  must  bo  abandoned.1 
Father  Cortie's  examination  of  them  convinced  him  too  that 
"  the  phenomena  presented  by  many  spots  are  directly  con- 
trary "  to  the  current  hypothesis,  a  mountainous  rather  than 
a  cavernous  structure  being,  in  certain  cases,  indicated  for  the 
umbra. *  Nor  does  the  umbra  usually  vanish  near  the  sun's 
edge,  as  it  should  if  it  were  simply  an  excavation  with  sloping 
aides.  It  remains,  on  the  contrary,  persistently  visible, 
although  foreshortened  into  a  black  line.  This,  to  be  sure, 
might  be  a  simple  consequence  of  refraction  by  vapours 
congested  within  the  cavity.  The  explanation  is  tempting, 
since  it  would  avail  to  get  rid  of  many  anomalies;  still  it 
must  not  be  adopted  unreservedly.  Originally  suggested  by 
Proctor,5  it  has  been  taken  into  fuller  consideration  by  Mr. 
East  *  as  a  means  of  exit  from  the  difficulties  that  hamper 
attempts    to    conceive     rationally    of    the     build    of    sun- 

qMta 

There  is,  indeed,  pressing  need  to  conciliate  opposing 
evidence.  Thus  M.  Ricco*  at  Catania,  from  eleven  years' 
study  of  spots  in  their  geometrical  aspect,  derived  results 
strongly  in  favour  of  the  Wilsonian  hypothesis,  computing 
for  twenty-three  especially  symmetrical  formations  an  average 
umbral  depth  of  rather  more  than  a  thousand  kilometers. 
Yet  the  discussion  of  the  long  series  of  Stonyhurst  drawings  led 
Father  Sidgreavea*  to  ascribe  to  most  spots  a  convex  rather 
than  a  concave  shape.  Professor  Hale !  allowed  small  weight 
to  testimony  so  contradictory  as  that  regarding  the  apparent 
width  of  the  penumbra  at  various  distances  from  the  sun's 
limb,  but  was  inclined  to  consider  the  advocates  of  the 
Wilsonian  doctrine  as  having  rather  the  better  of  the  argument. 
"  lu  any  case,"  he  added,  ■  they  will  hardly  be  ready  to  admit 
that  the  umbra  is  at  a  higher  level  than  the  penumbra,  for  it 
cannot  be  doubted  that  the  penumbral  filaments  overlie  the 

I  Monthly  XaliM,  toL  If.  p.  78.  «  IlruL  vol.  Uiii.  *,  91. 
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umbra,  and  frequently  unite  to  form  bridges  extending  com- 
pletely acroes  it." 

One  of  the  most  singular  details  of  spot-phenomena  is  the 
occasional  appearance  of  a  large  umbra  as  a  notch  on  the  limb. 
This  implies  its  projection  in  a  dark  mass  against  the  sky,  the 
encroachment  upon  the  bright  disc  being  perhaps  only  an  effect 
of  irradiation.  Its  inconsistency  with  a  depressed  form  was 
pointed  out  both  by  Mr.  Howlett  and  by  Father  Sidgreaves. 

Where,  then,  is  truth  to  be  found  in  this  remarkable 
controversy  ?  How  can  the  jostling  facts  be  reconciled  ? 
Compromises  have  been  resorted  to.  Spots,  it  is  averred,  are 
cloud-like  at  certain  stages  of  their  growth,  crateriform  at 
others.  Or  individual  spots  belong  to  one  or  the  other  type, 
according  to  the  circumstances  of  their  origin.  But  these 
are  subterfuges ;  let  us  take  a  broader  view.  The  concavity, 
at  any  rate,  of  bridged  spots  is  indisputable.  The  attribution 
to  them  of  a  "  mountainous "  character  would  throw  the 
arrangement  of  their  parts  into  utter  confusion.  Moreover, 
De  la  Rue  obtained  in  1861,  by  stereoscopic  means,  ocular 
proof  of  depression  in  one  such  object.  The  experiment 
might  easily  and  usefully  be  renewed  A  pair  of  photographs, 
taken  at  an  interval  of  twenty-six  minutes,  gives,  through  the 
sun's  rotation,  just  the  right  amount  of  difference  in  aspect 
for  combination  into  one  picture  in  relief.  The  moot  question, 
"  concave  or  convex,"  might  thus  receive  a  direct  answer. 
Then  if,  in  a  long  succession  of  instances,  the  answer  preserved 
a  uniform  tenour,  it  might  safely  be  concluded  that  anomalous 
;ippearauees  of  lifted  umbne  in  spots  seen  obliquely  are 
illusory  and  of  purely  optical  production. 

Hut  we  cannot  even  so  escape  from  the  entanglements  of 
the  subject.  It  has  different  hearings,  which  have  all  to 
lie  taken  into  account.  Spots  are  very  hot  relatively  to 
their  light,  and  their  thermal  radiations  are  peculiarly  con- 
ditioned. Professor  Frost's  determinations,1  carried  out  at 
Potsdam  in  189-,  showed  that  absorption  does  not  take 
increasing  effect  u[>oii  them  with  approach  to  the  limb  to 
anything  like  the  extent  that  it  does  upon  the  corresj>onding 
radiations  from  the  photosphere.     "  The  reasonable  inference 

1    A*lr.   aiul  Astro/'ti'/sics,    vol.    xi.  |».  731  ;   Attropk.   Juurn.    vol.    iv.    p.    201. 
*'f.  J.   Halm,  Aii.Hit*  fciin.  Obstrvatvry,  vol.  i.  |i.   US. 
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from  this,"  he  wrote,  "  is  that  the  spots  are  at  a  higher  level 
thau  the  photoBphero,  and  hence  less  subject  to  the  absorption 
of  the  sun's  atmosphere."  Mr.  W.  E.  Wilson's  l  more  delicate 
series  of  observations  in  1893-4  showed  likewise  that  "the 
radiation  from  the  umbra;  of  spots  does  not  suffer  absorption 
when  near  the  limb  in  the  same  manner  as  a  point  on  the 
photosphere."  Nevertheless  Professor  Longley3  had  found 
in  1874-5  "the  decrement  of  heat  in  approaching  the 
limb"  to  be  very  nearly  in  the  same  ratio  for  photosphere 
and  spots.  This  flagrant  contradiction  between  results 
equally  authoritative  may  not  be  without  meaning,  since 
they  were  obtained  at  nearly  opposite  phases  of  solar 
activity :  Langley's,  three  years  after  a  maximum,  when  it  was 
verging  towards  stagnation  ;  Frost's  and  Wilson's,  during  a 
period  of  culminating  disturbance.  The  two  latter  recom- 
mended systematic  observations  throughout  an  eleven-year 
cycle  for  the  purpose  of  investigating  the  nature  of  the 
relationship,  and  they  respectively  threw  out  the  alternative 
suggestions  that,  dur  ng  its  course,  the  thermal  condition  of 
spots,  or  the  level  at  which  they  are  formed,  may  undergo 
progressive  changes. 

A  more  promising  explanation  was  offered  by  Egou  von 
Oppolzer.*  Spot -um  brie,  he  reminded  perplexed  solar 
physicists,  are  surmounted  by  abnormally  hot  chromospheric 
layers,  certainly  exempt  from  absorption.  Hence  the  indis- 
criminate sum  of  their  radiations  and  those  of  the  underlying 
spots  gains  by  comparison  with  those  from  the  simple  photo- 
sphere, at  and  near  the  marginal  parts  of  the  disc.  Now  the 
flame-stratum  develops  chiefly  above  spots  of  an  active  type ; 
and  spots  of  an  active  type  predominate  at  epochs  of  maximum. 
This  consideration  at  once  removes  the  discrepancy  between 
Laugley's  results  on  one  side,  and  Frost's  and  Wilson's  on  the 
other.  In  the  first  series,  absorption  produced  its  full  and 
due  effects,  because  quiet  spots  being  presumably  in  question, 
no  appreciable  overlying  source  of  heat  was  present.  In  the 
second  and  third,  the  overlying  source  was  so  strong  as  in 
great  measure  to  efface  the  gradations  of  heat-stoppage 
■offered  by  the  object  beneath.     The  disproportionate  thermal 

1  Monthly  .Yaf.<w,  toL  U.  p.  458.  3  IHd.  vol.  x*xvii.  | 
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power  of  spots  may  be  similarly  accounted  for.  Our  instru- 
ments measure,  not  only  their  direct  radiations,  but  also  those 
sent  oat  by  ignited  materials!  to  some  extent  enveloping 
theaa 

The  solar  rotation  is  a  subject  much  too  important  to  be 
disposed  of  in  a  paragraph ;  it  need  here  only  be  said  that  a 
by-product  of  its  detailed  study  has  been  to  throw  further 
doubt  upon  orthodox  opinions  as  to  the  location  of  spot*. 
The  rates  of  axial  movement  deduced  by  Stratonoff  and  Wolfer 
from  their  progression  round  the  sun  appear,  at  least  primd 
facu,  to  compel  the  inference  that  they  are  veritably  situated 
at  a  level  higher  than  that  of  the  photosphere.1  Yet  here 
again  some  fallacy  is  likely  to  be  involved.  In  view  of  all 
these  complications  it  is  scarcely  to  be  wondered  at  that  the 
Whertt  has  almost  superseded  the  What!  in  recent  dis- 
cussions about  solar  macula  The  upshot,  so  far,  seems  to 
be  that  they  are  essentially  depressions,  although  depressions 
very  shallow  relatively  to  their  superficial  extent  Then- 
abnormal  geometrical  behaviour  is  due,  in  part,  as  Mr.  Maunder 
has  suggested,  to  the  cavities  being  ovtr-fillcd,  and  the  umbra 
consequently  dome-shaped ;  *  in  part  to  the  optical  elevation 
into  view  of  bottoms  which  should,  but  for  refractive  action, 
be  concealed  by  shelving  sides.  Their  radiative  irregularities, 
again,  are  explicable  by  the  influence  of  their  coronas  of  hot 
names.  As  to  their  rotational  anomalies,  they  must  stand 
over  for  future  consideration,  with  the  remark  that,  to  deduce 
the  position  of  spots  from  the  degree  of  their  conformity  to 
a  supposed  law  of  solar  rotation,  is  to  attempt  the  solution  of 
one  enigma  by  proposing  another  still  more  arduous. 

The  movements  of  sun-spots  are  of  three  kinds.  There 
are  first  those  that  belong  to  them  collectively,  as  objects 
attached  to  a  rotating  globe.  With  these  we  are  not  at 
present  concerned.  Next,  they  have  individual  "  proper 
motions "  of  transport  over  that  globe.  Finally,  they  show 
internal  movements  variously  connected  with  the  processes 
of  their  development  and  decay.  The  last  are  mostly  spiral 
or  circular,  and  they  evidently  ensue  upon  inrushes  of  photo- 
apheric  matter.     They  are  sometimes  jwrforined  round  "  black 

1  Knwt,  Astroph.  Journ.  vol.  iv.  p,  200. 
J  Juurn.  BriL  Jstr.  Ass.  vol.  vii  |».  121. 
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in i<  Id  "  as  centres  ;  and  black  nuclei  are  probably,  as  we  have 
seen,  interspaces  between  obscurely  luminous  umbral  effusions. 
But  the  whirling  of  spots  is  not  systematic  or  innate;  it  does 
not  characterise  them  essentially ;  it  occurs  incidentally,  ami 
as  a  result  of  disturbance.  No  fixed  rules  prescribe  its  mode 
or  direction.  Opposite  gyrations  have  been  simultaneously 
observed  in  different  members  of  the  same  group  of  umbra, 
and  even  successively  in  a  single  spot.  They  are  executed  in 
other  cases  intermittently  by  fits  and  starts.  A  revolution  is 
not  often  completed ;  the  description  of  large  angles  is 
exceptional.  Spots  cannot  then  be  described,  in  any  true 
sense,  as  ■  solar  cyclones  " ;  the  vorticose  motions  occasionally 
exhibited  by  them  spring  from  temporary  impulses,  and  cease 
when  the  force  of  these  is  exhausted. 

The  proper  motions  of  spots  are  indicative  of  much  more 
than  has  yet  been  learned  from  them.  Three  kinds  of 
influence  seem  to  be  effective  in  producing  them ;  namely, 
mutual  action,  action  from  without,  and  action  from  within. 
After  segmentation,  in  the  first  place,  umbra  repulse  one 
another;  they  separate  with  great  velocities.  They  behu\e 
like  similarly  electrified  masses,  but  whether  they  really  are 
such  or  not  is  an  open  question.  In  the  second  place,  growing 
spots  in  general  move  rapidly  forward.  They  share  the 
common  drift,  but  with  an  acceleration  often  amounting  to 
three  or  four  hundred  miles  an  hour.  It  seems  as  if  cooled 
materials,  pouring  down  upon  them  from  above,  drove  them 
forward  with  the  added  speed  due  to  a  wider  circle  of  rotation 
If  this  MM  actually  the  fact,  however,  macular  increase  and 
macular  advance  should  always  go  together ;  and  they  are  not 
uncommonly  disunited.  Processes  of  extension  in  spots  may 
even  be  accompanied  by  retrogression  over  the  sun's  surface.1 
Indeed,  the  conduct  of  these  strange  objects  is  governed  by 
no  invariable  rules.  Strong  tendencies  visibly  influence  it ; 
yet  none  that  are  irresistible.  They  can  l*>  annulled  or 
n- versed  by  countervailing  circumstances.  Hence  the  special 
need  for  guarded  tn&mnOM  in  treating  of  this  subject. 

The  movements  of  sun-spots  in  latitude  are  not  visibly 
related  to  their  drift  in  longitude.  They  are  highly  irregular, 
and  not  often  conspicuous.     Carrington,  however,  perceived  in 

1   M*mnl*r,  k'notrUttff*.  vol.  xrii.  p.  198. 


STBUCTURE  AND  MOVEMENTS  OF  SUN-SrOTS  85 

Lbsrn  a  kind  of  inchoate  method  Spota,  according  to  hi* 
generalisation,  situated  within  the  solar  tropica  (bo  to  speak) 
lend  to  approach  the  equator;  spots  outside  the  north  and 
■outh  limit  of  twenty  degretw,  to  depart  farther  from  it.  But 
the  exceptions  observed  are  so  numerous  as  sometimes  to  go 
near  disproving  tho  rule.  Wc  have  said  that  epot-moveinente 
in  longitude  bear  sonic  marks  of  Imiu^  communicated  by  tx- 
terior  agencies.  Those  in  latitude,  on  the  contrary,  suggest 
interior  action.  They  are  connected,  most  likely,  with  the 
hidden  systeni  of  circulation  prevailing  in  tho  body  of  the  sun, 
and  reflect  it1)  local  perturbations. 

A  remarkable  feature  of  photospharic  commotions  was 
referred  to  by  Father  Cortie  at  the  meeting  of  the  Royal 
Astronomical  S«irietyt  11th  May  1900.1  He  termed  it 
■  alternation "  in  disturbance.  A  group  of  spota  generally 
include*  two  chief  members,  posted  respectively  in  the  vim 
and  rear  of  the  array.  These  take  it  in  turns  to  develop. 
We  are  reminded  of  tin-  nviprneaJ  flickering*  of  the  fragments 
of  Kiela's  comet.  Analogous  pulsation*,  baft  on  a  larger  scale, 
manifest  themselves  in  responsive  disturbances  north  and  south 
of  the  soUr  equator.  Mr.  Maunder  had  already  jm anted  out 
in  1894  that  an  "  active  train  of  spots  is  often  "  accompanied 
by  a  feebler  copy  of  itself  a  few  degrees  north  or  south.  An 
outbreak  of  the  first  magnitude,"  he  continued,  "  will  indeed 
reproduce  itself  in  several  directions."  *  Somewhat  similar  cor- 
respondences are  noticeable  between  volcanic  foci  on  the  earth ; 
yet  the  inferences  they  suggest  might  prove  misleading. 

The  occultation  of  a  spot  107,500  miles  across  was 
observed  during  the  solar  eclipse  of  15th  March  1858.  Ins 
vast  dimensions  were,  however,  exceeded  in  the  same  year  by 
those  of  an  object  with  the  "record"  diameter  of  143,500 
miles.  An  enormous  double  spot,  which  appeared  in  June 
1883,  covered  an  area  of  2500  million  square  miles;  and  the 
great  spot  of  February  1892,  with  its  dependants  and  outliers, 
spread  still  further  afield.  But  such  gigantic  formations  are 
rarely  stable.  Their  history  is  one  of  tumults  and  vicissitudes. 
Comparatively  small  circular  spots  possess  individually  a  much 
more  lasting  character,  although  great  outbreaks  are  the 
longest  lived  in  their  successive  modifications.     The  maximum 

1  O6*rvatory,  vol.  xxiii.  j>.  230.  a  Knovltdget  vol.  xvii.  p.  1W. 
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duration  60  far  registered  was  for  a  "  composite  disturbance,'' 
consisting  of  four  very  large  spot-groups,  and  thirteen  others 
of  smaller  dimensions,  which  appeared  seriatim,  and  in  obvious 
association,  on  a  restricted  region  of  the  solar  surface.1  The 
manifestation  continued  for  527  days,  from  25th  September 
1891  to  5th  March  1393,  while  the  sun  completed  nearly 
twenty-one  rotations.  About  two  rotation-periods  represent, 
according  to  Father  Cortie,  the  average  life  of  a  spot. 

Most  of  what  we  know  about  sun-spotg  has  been  learned 
by  a  statistical  method  of  inquiry.  Nor  can  such  methods 
be  dispensed  with  in  the  future.  But  they  do  not  alone 
suffice.  They  must  be  supplemented  and  reinforced  by 
individualization.  Each  notable  spot  should  be  studied  in 
itself  and  in  all  its  relations,  Bingly,  specifically,  and  generically 
Efforts  should  be  made  bo  determine  its  nature,  as  though  it 
were  a  solitary  specimen.  Can  it,  without  doing  violence  to 
plain  facte,  be  regarded  as  an  excavation  in  the  photosphere  ? 
Or,  if  apparent  inconsistencies  with  this  view  be  present,  are 
they  such  as  might  be  due  to  refraction  ?  The  hypothesis 
can  only  l«  tested  by  confronting  it  with  particular  cases,  and 
trying  definitely  how  far  it  avails  to  meet  their  exigencies. 
K<  ti  u  tive  possibilities  in  the  sun  have  been,  until  lately, 
almost  ignored ;  they  are  now  in  some  quarters  vastly  exag- 
gerated. Still  allowance  has  to  be  made  for  their  realisation, 
in  ways  perhaps  corroborative,  rather  than  subversive  of  re- 
ceived theories. 

There  are  many  other  doubts  to  be  set  at  rest  besides 
those  regarding  the  interpretation  of  perspective  effects.  The 
record,  indeed,  of  no  significant  structural  detail  should  be 
omitted ;  and  what  detail  of  these  enigmatical  objects  can  lie 
called  insignificant  ?  Above  all,  variations  in  their  parts  and 
features,  whether  simultaneous,  successive,  or  alternative,  claim 
the  closest  attention ;  since  the  establishment  of  a  course  of 
correlated  changes  comes  very  near  to  the  detection  of  the 
underlying  causal  nexus. 

Tin?  comparison  of  one  spot  with  another  is  a  natural 
sequel  to  the  investigation  of  each  spot  in  itself.  Do  their 
peculiarities,  it  may  bo  asked,  depend  in  any  way  upon  helio- 
graph ical  position  ?     Do  they  vary  periodically  ?     Can  certain 

1  Cortie,  ObfTPaioryt  vol.  suit.  p.  230. 
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traits  in  eon-spots  be  classed  together  as  inevitably  associated, 
certain  othera  as  mutually  exclusive  ?  Wider  questions,  too, 
suggest  themselves  as  to  the  place  of  spots  in  the  general 
solar  economy,  and  aa  to  the  nature  of  their  connection  with 
facnke,  prominences,  coronal  streamers,  and  the  totality  of 
solar  phenomena.  Attempts  have  been  made,  both  by  specu- 
lative and  practical  means,  to  throw  light  on  these  obscure  topics, 
bat  with  results  not  as  yet  wholly  satisfactory.  Meantime, 
additional  facts  are  needed  —  facts  systematically  collected, 
methodically  sifted  and  compared.  Isolated  observations  are 
rarely  of  any  considerable  value  in  such  complex  matters. 
Meaning  accrues  to  them  just  in  proportion  as  they  can  be 
allied  to  others  made  in  correspondence  with  them,  bnt  under 
modified  conditions.  "  Correlate  and  compare  "  should  be  the 
watchword  of  astrophysicists. 


CHAPTER    VIII. 


THE    SPECTUUM    OF    SUN-SPOTS. 


Sun-spots  give  a  remarkably  compounded  spectrum.  It 
appears  to  sum  up  five  different  sets  of  effects.  That  is  to  say. 
the  obscure  longitudinal  stripe  corresponding  to  the  umbra 
owns  a  quintuple  origin.  Each  of  its  elements  might  be  made 
the  subject,  of  a  somewhat  prolonged  discussion.  For  the  sake 
of  clearness  we  will  briefly  enumerate  them.  They  consist  of : 
(1)  A  bright  background  of  ordinary  photospheric  light;  (2) 
a  nearly  continuous  bund  of  dense  absorption,  extending  from 
the  infra-red  to  the  ultra-violet ;  (3)  a  select  array  of  widened 
Kraunbofer  lines ;  (4)  nearly  all  the  Fraunhofer -lines  under 
a  normal  aspect;  (5)  a  restricted  number  of  bright  lines. 

Duiier  of  Upsala  ascertained  in  1891  '  that  the  funda- 
mental radiance  of  spots  is  indistinguishable  from  that  of  the 
general  surface  of  the  sun.  Their  darkness  is  then  due  to 
increased  absorption,  not  to  diminished  radiation.  This  fact 
decisively  negatives  some  current  theories,  and  thus  limits  the 
field  of  speculation  as  to  the  nature  of  spots.  They  are  shown 
by  it  unmistakably  to  be  regions  where  cooled  materials  of 
some  kind  accumulate.  Of  what  kind  those  materials  are, 
we  can  learn  something — although  not  by  any  means  all  that 
could  be  wished — from  their  peculiar  modes  of  arresting  light. 

A  section  of  a  spot -spectrum  in  the  yellow -green  is 
portrayed  in  Fig.  10  from  a  photograph  by  Professor  Young. 
The  belt  of  strong  absorption  which  is  its  leading  feature 
seems,  but  is  not  really,  continuous.  Young  himself  discovered 
in  1883  that  it  is  made  up  of  innumerable  tine  dark  lines, 
set  very  closely  together,  or  even  actually  overlapping.     Each 

1  BtckerAa  #ur  /*  IbtaHon  du  Solrti,  p,  12. 


THK  SPKCTRUM  OF  SUN-SPOTS 


89 


individual  in  the  multitude  is,  he  tells  ua, "  spindle-shaped — i.e. 
thicker  in  the  middle  where  the  spectrum  i»  darkest — and  taper* 
to  a  fine  hair-like  mnrk  at  each  end ;  moat  of  them  can  be 
traced  across  the  penumbra-spectrum,  and  even  out  upon  the 
general  surfuee  of  the  sun." l     These  tan,  which  require 

a  high  resolving  power  in  the  apparatus  employed,  were  amply 
confirmed  by  Duner.  He  perceived  further  that  the  lines 
are  collected  into  groups,  leaving  chinks  of  undimmed  photo- 


rio>  10.     iNirUon  of  3ud-«ikii  Bpmtran,  ptaksmp'ml  t»y  Prof****  Young  la  I Wi. 
(Krow  Toanffl  **«*rW  AHfnwmf.     by  |»«ml*"W>u  tit  M™»    '1  tin  *mt  Co.) 

spheric  brilliancy  between.*  Within  bb  limits  of  the  "6- 
group"  alone,  no  less  than  300  of  these  dusky  fibre*  were 
or mnted ;  above  K  however,  they  become  merged  together  by 
crowding,  and  below  E  by  diffusion.  Their  separation  and 
arrangement  are  most  evident  in  quiescent  round  spots  with 
intensely  black  nuclei — in  spots,  that  is  to  say,  commonly 
regarded  as  of  the  minimum  type.  Now  such  a  spectrum  as 
they  constitute  cannot  be  produced  by  liquid  or  solid  matter, 
however  minutely  subdivided ;  it  decisively  claims  a  gaseous 
origin.  Hence  the  darkening  in  spots  is  not  merely  an 
intensification  of  the  "  smoky "  absorption  veiling  the  entire 
disc ;  it  is  special  and  peculiar.  So  much  can  be  safely 
asserted. 

Perhaps  the  most  distinctive  part  of  the  spot-spectrum  is 
the  collection,  included  in  it,  of  accentuated  Fraunhofer  lines." 
They  are  picked  out  to  be  widened  and  darkened  on  some 
recondite  principle  of  selection,  which  varies  from  spot  to 
spot,  and  from  epoch  to  epoch.  This  was  early  noticed  by  Sir 
Norman  Lockyer,  and  he  pursued  the  inquiry  with  striking 
results.  The  discussion  in  1886  of  observations  upon  the 
spectra  of  seven  hundred  sun-spots,  made  at  South  Kensington 

1  Young,  T)u  Sun,  p.  132.  *  Astr.  and  A <trophytia,  rol.  xi.  p.  242. 

*  Proc  Royal  Society,  rol.  xt.  p.  257. 
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on  a   fixed   plan   (hiring   six    years,  led    him   to   the   following 
conclusions : — l 

(1)  *  The  most  widened  lines  in  sun-spots  change  with  the 
sun-spot  period" 

(2)  ■  At,  and  slightly  after  the  minimum,  the  lines  are 
chiefly  known  lines  of  the  various  metals." 

(3)  "  At,  and  slightly  after  the  maximum,  the  lines  are 
chiefly  of  unknown  origin." 

In  other  words,1  "  As  we  pass  from  minimum  to  maximum, 
the  lines  of  the  chemical  elements  gradually  disappear  from 
jiiiumg  those  widened,  their  places  being  taken  by  lines  of 
which  we  have  at  present  no  terrestrial  representatives." 
■  Dissociation,"  in  short,  was  the  mot  de  Vlnignu.  As  the 
sun's  temperature  increased  with  the  growth  of  disturbance, 
substances  in  a  terrestrial  sense  ■  elementary "  were  supposed 
to  split  up  into  exotic  constituents,  giving  spectral  lines 
strange  to  laboratory  experience. 

The  evidence  for  the  progressive  change  thus  interpreted  was 
indeed  slight,  except  as  regarded  iron  ;  and  iron  alone  was 
taken  account  of  in  the  confirmatory  Stonyhurst  observations. 
So  far  as  they  went,  however,  they  were  decisive,  and  all  the 
more  so  that  they  covered  a  different  spectral  range  (B  to  D) 
from  that  (D  to  F)  examined  at  South  Kensington.  They 
showed  demonstratively  that,  throughout  the  disturbed 
interval  between  January  1884  and  October  1886,  iron  lines 
were  all  but  completely  replaced  by  M  unknown  lines  ■  in  the 
list  of  those  affected  in  spots,  while  they  duly  reappeared 
upon  the  restoration  of  photospheric  tranquillity.  In  con- 
nection with  their  behaviour,  nevertheless,  Father  Cortie 
established  an  important  distinction.  Their  presence  or 
absence  he  found  to  be  determined,  not  by  the  general  flow 
of  solar  commotion,  but  by  the  nature  of  individual  spots. 
In  those  of  rent  and  ragged  aspect  and  tumultuous  pro- 
clivities, iron  lines  are  ousted  by  unidentified  faint  rays ; 
but  in  tranquil  spots  the  iron  spectrum  is  at  all  times 
prominent  And  since  the  former  sort  prevail  at  maximum, 
the  latter  at  minimtim,  the  statistical  outcome  is  that  the 
spectral  variations  appear  to  depend  simply  upon  the  great 
cyclical  pulsation  of  the  solar  globe.     Only  on  special  examin- 

1  ChtmiMfy  of  On  Suh,  p.  324.  *  Ibid.  p.  319. 
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ation  they  prove  to  be  determined  motv  I.  :dl\  and 
particularly  than  this  would  imply.  In  Rome  unquiet  spots, 
for  inaUuittt,  which  devrli>]><'<l  near  the  luiuiintini  nf  18K9, 
the  eflaceraent  of  iron  lines  was  as  complete  as  if  the  spook 
bad  been  onu  "f  maximum.  In  fuel  (an  \\u-  Stony  hurst 
astronomer  remarked),1  the  widening  of  unknown  lin.  i 
common  to  all  stages  of  solar  activity,  provided  spots  of  an 
appropriate  character  l«e  at  hand.  This  is  not  a  distinction 
without  a  difference.  It  cuts  the  ground  from  tinder  the 
oflmunplion  of  periodical  vicissitudes  iu  the  general  i 
of  the  sun.  Iron  is  not  everywhere,  and  inevitahly  reduced 
their  to  its  elements  as  temjierature  and  disturbance  culminate 
together,  but  —  if  at  all — only  as  a  special  effect  in  the 
hottest  epot-craters.  And  thifi  again  brings  up  difficult i« 
Mffievt"!  with  rvbliw  tMBDJMNtlire —  -liflifrnll EM  uhu-h.  h< 
one  form  or  another,  perpetually  recur  in  the  study  of  astro- 
physios. 

But  there  ia  more  to  be  said.  Further  inquiries  have 
materially  altered  the  aspect  of  the  case,  for  they  have  led 
to  ibe  transference  from  the  ■  unknown  "  to  the  ■  known  " 
class  of  so  many  spot-lines  that  the  completion  of  the  process 
may  be  confidently  anticipated.  Rowland's  photographic 
comparisons  have  contributed  most  effectually  to  its  advance. 
Young  and  Cortie  have  traced  a  crowd  of  sun-spot  rayB  to 
vanadium  ;  titanium  claims  as  many,  or  more ;  and  others 
perhaps  originate  from  allied  "  rare "  metals.  This  singular 
line  of  identification  is  very  strongly  traced.  Thus  all  the 
vanadium  lines,  twenty-eight  in  number,  between  C  and  D 
are  by  turns  broadened  in  spot  spectra,  although  of  evanescent 
faintness  in  the  photosphere ;  nor  does  the  conjecture  seem 
unwarranted  that  the  high  temperature  compounds  with 
nitrogen  and  oxygen,  both  of  this  metal  and  titanium,  may 
yet  be  recognised  in  umbral  chemistry.  The  distension  in  a 
spot  of  two  vanadium  lines,  at  X  5728  and  X  5731  respectively, 
is  well  shown  in  Fig.  10.  They  ore  of  quite  minor  im- 
portance in  the  Fraunhofer  spectrum. 

Father  Cortie  surmises  that  the  vapours  absorbing  in  spots 
may  be  associated  by  their  approximate  conformity  to  a 
certain  standard  of  density.      "The  level   of  sun-spots,"  he 

1  Memvirt  Royal  A*r.  Society,  rol.  L  |«.  60. 
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nggufe  "is  poofbtj  tin-  Lerd  of  the  hint    liaai  d  nuh 

m  i  ds  us  have  an  atomic  weight  about  50.*"  Iron,  nickel, 
titanium,  and  vanadium,  all  assiduous  frequenters  of  umbral 
cavities,  belong  to  this  category  Rut  the  rule  is  compro- 
mised by  exceptions  and  incongruities. 

The  actual  state  of  the  case  is  this.  There  is  no  ovidcncc 
of  elemental  dissociation  in  sun-spots,  but  spectral  diversities 
are  obvious  and  persistent.  They  indicate  the  disappearance 
of  iron  from  tumultuous  formations,  and  the  emergence  in 
them  of  titanium  and  vunadium.  There  are  doubtless  con- 
comitant changes,  but  they  await  ascertainment  and  particu- 
larisation.  A  caveat,  however,  has  to  be  entered.  The 
priuciple  upon  which  these  inquiries  have  been  conducted 
is  imperfectly  assured.  It  is  commonly  taken  for  granted 
that  the  widened  lines  constitute  the  spot-spectra;  that 
they,  and  they  alone,  represent  the  emanations  of  the 
constipated  vapours  blotching  the  lustrous  disc  But  this 
is  a  somewhat  arbitrary  assumption.  The  theory  of  line- 
expansion  by  pressure  is  very  imperfectly  understood.  The 
phenomenon  does  not  occur  uniformly  and  invariably. 
Liues  of  different  substances  are  differently  affected  by  it;  lines 
even  of  the  same  substance  are  unlike  in  their  susceptibility 
to  its  influence.  The  inferential  building  up  then,  of  spot- 
spectra  out  of  widened  lines  is  subject  to  many  qualifications. 
These  do  not  lessen  the  importance  of  the  observed  relation, 
but  they  importantly  modify  it. 

The  iron  lines  intensified  in  spots,  presumably  by  the 
tic  action  of  their  nuclear  vapours,  are  often  unsyxn- 
metrically  broadened.  They  are  usually  diffuse  towards  the 
violet  aide,  sharp  to  the  red.  This  may  point  to  the  presence 
of  chemical  compounds;8  sim ■»■  the  llame-Hjiectra  of  metals  and 
of  their  oxides  seem  to  be  differentiated  just  by  the  develop- 
ment, in  the  latter,  of  these  peculiar  shadings.  The  possibility 
must  accordingly  be  admitted  that  iron-oxides  exist  in  the 
sun.  Yet  the  implied  temperature  is  improbably  low,  since 
they  can  be  broken  up  here  on  the  earth  by  the  simpltsfc 
metallurgical     processes.        But    they     might     perhaps     form 

1  K  ■■!.  MB.  p.  371. 

»  ft- t-S.  h. r,  Jstr*»»>m«a!  4/vetrMccpy.   !••  IW  ;  J-  3.  inn,  AttnpK 

Jmrn.  vol  i.  p.  *»9  ;  tUitli-y,  J^nx.  lU>v*l  &xi*t»,  voL  IvL  p.  1*2. 
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transiently  (so  U>  speak)  in  spots,  as  a  result  of  the  local 
chilling  of  swiftly  circulating  material.  It  may  bo  added 
that  the  iron  lines  distinctive  of  Bpot-apoctra  am  so-called 
"  low -temperature  lines."  They  are  hrilliunt  in  the  electric 
arc,  but  tend  to  bo  outshone  by  others  in  the  higher  excite- 
ment of  the  spark. 

Further  complexity  was  imparted  to  spot-al*«irptiou  by 
the  appearance  of  certain  dusky  hands,  of  which  nine,  situated 
below  D,  were  observed  early  in  1885  at  Stony  burnt.1  and  no 
fewer  than  seventeen  more  refrangible  in  1880-3  at  Greenwich. 
One  proved  identical  with  a  fluting  drawn  by  Young  in  1872,a 
and  all  were  resolvable  into  densely  packed  lines.  Nothing 
ifl  known,  or  can  even  be  conjectured,  as  to  their  origin  ;  but 
they  are  clearly  symptoms  of  disturbance,  since,  with  the 
sodden  advent  of  a  solar  calm  in  October  1 886,  they  at  once 
utterly  vanished. 

Mr  Evcrshed  considers  the  majority  of  the  una  (fn  •!.<•<  I 
Fraunhofer  lines  in  epot-spectra  to  be  possibly  iroarious;* 
they  may,  he  thinks,  be  inherent,  not  in  uml>rul  light,  hut  in 
the  photospherie  glare  diffused  equally  over  spots  and  the 
surrounding  sky.  Some  of  the  ordinary  dark  solar  lines, 
however,  thin  out  in  crossing  umbne,  and  a  few  show 
traces  of  partial  brightening.  Moreover,  the  radiations 
from  spots  cannot  escape  transmission  through  the  revers- 
ing layer,  and  are  hence  subject  to  precisely  the  same 
absorption  exerted  upon  sunlight  in  general,  so  that  the 
Fraunhofer  spectrum  in  its  integrity  truly  belongs  to  spots, 
notwithstanding  the  reinforcement  of  some  of  its  components  and 
the  enfeeblement  of  others  through  influences  special  to  them. 

One  of  the  most  remarkable  features  of  spot-absorption 
has  still  to  be  noticed.  Helium,  as  we  have  seen,  makes  no 
show  in  the  Fraunhofer  spectrum.  Yet  a  helium-envelope 
surrounds  the  sun  to  a  depth  of  five  thousand  miles.  Every 
ray  of  sunshine  sent  abroad  into  space  has  been  sifted  through 
this  huge  volume  of  gas,  which,  by  its  anomalous  inertness, 
bids  defiance  to  "  Kirchhoffs  law."  Emitting  complex  ranges 
of  vibrations,  it  nevertheless  exacts  no  corresponding  toll  of 
absorption.     Itw  transparency  seems  absolute.     Either  it  is  so 

1  Monthly  SUicts,  vol.  xlviL  !».  19.  »  Nature,  12th  Dec.  1872. 

*  Attropk.  Journ.  vol.  t.  p.  248. 
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hot  that  it  replaces  the  light  arrested,  or  its  arresting  power  is 
uullitied  by  rarefaction.  The  former  alternative  in  excluded  by 
the  consideration  tliat  an  excess  of  temperature  should  be  notified 
iiy  the  presence  of  bright  helium  lines  in  the  general  spectrum 
of  the  sun,  and  they  are  uo  more  visible  in  it  than  dark  ones. 
Hence  the  absorptive  incapacity  of  chroinospheric  helium  may 
provisionally  be  attributed  to  extreme  attenuation.1  This 
view  has  gained  plausibility  through  the  discovery  that  helium 
in  or  near  spots  acts  at  times  normally  upon  light,  for  the 
vapours  and  gases  producing  umbral  obscurity  are  assure  I  ly. 
on  any  theory  of  spot-formation,  denser  within  than  outside 

the  apparent  cavity.  The  shading 
then  at  Ds,  like  the  fusiform  shape 
of  the  sodium  pair  below  it  (see 
Fig.  11),  results  from  increased 
pressure.  It  is  usually  signifi- 
cant of  vehement  disturbance.  In 
twenty  or  thirty  spots  with  flam- 
ing appendages  —  and  mostly  in 
their  penumbral  regions — Professor 
Young  lius  seen  the  yellow  helium 
ray  reversed  ;  *  it  was  similarly  visible  to  Professor  Kaegaim  .da 
in  the  huge  vortex  of  February  1892*  and  to  Mr.  A.  A.  Buss 
Hi  Manchester,  ou  17th  March  1899/  in  a  spot  the  incessant 
activity  of  which  was  the  more  remarkable  on  account  of  its  occur- 
rence near  an  imminent  minimum.  Absorption  by  the  deep  red 
helium  ray  at  X  6678  was  three  times  observed  in  spot-spectra 
by  Father  Perry  during  1883/  but  its  chemical  meaning 
was  then  unsusjiected.  Now  that  the  helium-spectrum  lias  been 
unravelled,  further  particulars  might  easily  be  learned  as  to  the 
associates  of  Dg  in  spots.  Its  isolated  occurrence  is  improbable. 
Spot-spectra  are  crowned  and  completed  by  the  frequent 
superposition  upon  them  of  vivid  rays.  These  originate 
Bran  the  gaseous  effusions  often  accompanying  the  formation 

1  Gum  gloving  electrically  in  vacuum  tnliea  were  found  by  M.  GntOf 
inrapahle  of  at«or].tion  Hut  the  mnlti  of  further  experinieute  muit  be  united 
before  com-loaiuna  in  so  delicate  a  matter  can  lw  availed  of  to  elucidate  the  etate 
of  helium  in  the  mu. 

1  XaJure,  12th  8«pt.  1895  ;  The  Sun,  |v  134. 

1  ifWA/y  JvVitW,  vol.  UK,  |>.  421. 

*  Jofrn.  firit.  Air.  jiv.  vol.  U.  \k  253.  *  Ibid,  vol.  vtl.  p.  101 
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and  transformation  of  spots.  They  are  readily  identifiable. 
Hydrogen  lines  and  The  H  and  K  of  calcium  are  the  most 
frequently  brightened;  Da  i*  sometimes  bright  over  the  unit  mi, 
dark  in  the  penumbra,  of  the  same  spot ;  and  "  double  reversals  " 
of  the  sodium  ■  i>  pair  "  are  quito  commonly  observed.  The 
phenomenon  is  illustrated  in  Fig.  11.  The  brilliant  raj 
shining  at  the  core  of  the  fuzzy  spindle,  into  which  i*«eh  oi 
the  coupled  lines  is  broadened,  evidently  proceeds  from  an 
overlying  hotter  and  rarer  stratum  of  sodium -vapour.  The 
magnesium  group  ■  6 "  is  occasionally  affected  in  the  same 
way.  The  "  ro*y  veils "  in  spot  umbras  give  out,  as  might 
be  expected,  hydrogen  rays,  and  "bridges"  are  also  loci  of 
emission.  The  ultra  violet  members  of  the  hydrogen  series 
Bft  Mm  pKBOflh  hfj^jhl  Klfeck,  in  t-pota  ;  and  the  lilih  line 
(H«)»  which  falls  just  within  the  region  of  visibility,  has  often 
boon  looked  for  in  vain.  In  some  of  Professor  Hale's  spectro- 
graphs, however,  of  the  giant  spot  of  February  1892  it 
showed  faintly  bright  beside  the  more  conspicuous  II  of 
calcium.1  So  far  the  record  stands  alone,  it  has  a  particular 
interest  from  the  ambiguous  position  occupied  by  this  ray  in 
the  solar  spectrum. 

The  agitation  prevailing  in  spots  is  often  betrayed  by 
line-distortions,  telling  of  the  swift  recession  or  approach  of 
vapours  congregated  in  them.  The  condition  of  the  C-line, 
as  sketched  by  Professor  Hale,  13th  February  1892,  in  the 
same  spot,  is  shown  in  Plate  VI.,  Fig.  2.  The  brilliant 
patch  over  the  umbra  is  of  normal  wave  -  length ;  it  was 
derived  from  a  flame  radially  immobile;  but  the  hook-like 
appurtenance  of  the  dark  line  testifies  to  an  extraordinary 
outrush  of  cooler  gas  from  the  lower  part  of  the  formation. 
We  can,  to  a  certain  extent,  trace  its  course.  It  started 
outward  with  a  uniform  velocity  away  from  the  earth  of 
about  120  miles  a  second.  This  slackened  unequally,  as  can 
be  seen  by  the  breadth  of  the  "  hook  "  at  its  junction  with 
the  line ;  and  the  whole  mass  of  hydrogen  came  to  rest  at  a 
distance  of  thirty  to  forty  thousand  miles  from  the  point  of 
issue,  which  (it  is  worth  noting)  was  at  the  very  midoMe  of 
the  nucleus.  The  nature  of  the  force  raising  this  brief  but 
tremendous  storm  cannot   readily  be    imagined.      Its  abrupt 

1    A  sir.  and  Astrophysics,  vol.  x\.  p.  313. 


H  PROBLKMS    IN  ASTROPHYSICS 

development  inarki.il  au  acute  crisis  of  disturbance,  to  whirli 
the  earth  responded  with  magnetic  twitches  and  auroral 
illuminations. 

Motions  in  spots  seem  to  be  Limited  and  local.  They 
can  be  inferred  to  prevail  with  great  violence  at  certain  levels, 
while  complete  tranquillity  reigns  at  others.  This,  at  least, 
is  the  only  explanation  of  the  chemical  peculiarities  of  soLir 
hurricanes.  Nothing,  for  instance,  is  commoner  than  the 
raging  of  hydrogen-stonus  amid  profound  calcium-calms.  Nay, 
lines  belonging  to  the  same  substance  may  indicate  for  it 
simultaneously  rest  aud  motion  Thus  a  few  iron  lines  are  at 
times  observed  to  be  displaced  or  twisted  through  the  effects 
of  rapid  approach  or  recession,  while  the  remainder  maintain 
their  usual  positions  and  aspect.  The  anomaly  is  most 
striking,  and  challenges  persistent  attention.  Sir  Norman 
Lockyer  meets  it  with  the  dissociation-hypothesis;  but  this 
raises  more  difficulties  than  it  removes. 

Enough  has  been  said  to  show  that  numerous  and  most 
curious  problems  await  solution  by  students  of  sun-spot  spectra. 
The  subject  is  wide  enough  to  occupy  a  band  of  specialists, 
and  its  remoter  implications  can  still  be  only  surmised. 
Nevertheless,  definite  conclusions  are  not  wholly  out  of 
reach.  First,  as  to  the  cause  of  nuclear  darkness.  It  is 
certainly  to  be  found  in  augmented,  and  (so  to  speak) 
reiterated  absorption.  Spots  arc  not  simply  rents  in  a 
shining  veil,  exposing  an  obscure  substratum.  They  arc  not 
super-heated  regions,  where  processes  of  condensation  are 
suspended.  The  photosphere  is  screened,  not  perforated,  by 
them.  Moreover,  the  screening  is  by  interposed  vapours. 
Umbral  absorption  is  mainly,  if  not  altogether,  of  the  gaseous 
kind.  It  is  essentially  linear  aud  banded.  No  part  of  it  can 
be  safely  attributed  to  the  action  of  a  foggy  precipitate  nA 
as  modifies  elsewhere  the  "  surpassing  glory "  of  the  disc. 
They  probably  differ  in  this  respect  from  "  pores  "  and  ■  veiled 
spots,"  but  specific  inquiries  on  the  point  have  yet  to  be  made. 
There  are  strong  indications  that  spot-spectra  originate 
undet  conditions  of  increased  pressure  aud  diminished 
temperature.  Still  the  coolest  umbra?  must  lw  hotter  than 
the  reversing  layer,  for  otherwise  the  Fraunhufer  lines 
would  show  bright  against  them,  and,  as  wo  know,  they  cross 
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light — that  ia  to  say,  their  forma  in  each  separate 
chemical  dement  can  be  distinctively  ivcordftL  The  importance 
of  the  fresh  sunt  thus  made  is  difficult  to  exaggerate,  "With 
*  double  slit  and  a  sensitive  plate,  the  comparative  distribution 
of  glowing  vapours  iu  the  sun  can  be  satisfactorily  investigated, 
and  anomalies  connected  with  their  distribution,  if  not  removed, 
at  least  fully  rocoguised  and  defined.  All  spectral  rays,  never* 
tUB0i  IN  ttot  <i|'nliv  available  for  sill  purposes.  In  i-hromo 
spheric  photography,  for  instance,  the  calciuin  H  and  K  offer 
immense  advantages,  not  only  because  of  their  actinic  efficiency, 
bnt  still  more  on  account  of  the  broad  bands  of  shadow  render- 
ing tbeiu  conspicuous  as  Fraunhofrr  lines.  These  serve  to  protect 
again*  t  atmospheric  glare  the  bright  lines  superposed  upon 
them  at  the  edge  of  the  sun ;  and  glare  is  the  worst  foe  of 
daylight  photography.  In  «ysMtftiO  work,  moreover,  K  is, 
for  more  than  one  reason,  always  preferred  to  H.  And  so 
came  to  be  estaMi-h'iI.  iu  two  continents  at  once,  a  new 
branch  of  astronomical  art — the  art  of  picturing  the  sun  and 
its  surroundings  in  calcium-light  of  a  single  quality. 

Hi"    tirl     ami     imtm-illah-    t.hjcrt     in    View    WJU     HM    day    bj 

day  photography  of  prominences ;  but  it  was  very  soon  found 
practicable  to  extend  the  work  from  the  limb  to  the  disc 
One  slit  was  caused  to  travel  across  the  sun's  image,  which  had 
a  diameter  of  two  inches  in  the  Chicago  twelve-inch  refractor, 
while  the  motion  of  the  second  was  adjusted  so  that  it  exactly 
kept  pace  with  the  K-line,  admitting  it  alone,  through  a  chink 
just  two  thousandths  of  an  inch  in  width,  to  impress  the 
sensitive  plate.  At  Chicago,  the  first  experiment  of  the  kind 
was  made  28  th  December  1891,  and  a  similar  mode  of 
procedure  was  described  by  M.  Deslandres  before  the  Paris 
Academy  of  Sciences,  8th  February  1892.1  The  upshot  in 
each  case  was  the  discovery  that  K  is  doubly  reversed  over 
extensive  tracts  of  the  photosphere.  Plate  IV.,  Fig.  1,  shows  the 
sun  self-portrayed  in  calcium  light,  11th  April  1894.  The 
lines  crossing  the  photograph  are  accidental  imperfections,  one 
set  originating  from  dust-particles  in  the  jaws  of  the  slit,  the 
other  from  irregularities  in  the  movement  of  the  sideroetat. 
The  regions  of  reversal  are  not  confined  to  the  neighbourhood 
of  spots,  but  spread  irregularly  over  the  sun's  surface.     The 

'  Compta  Jlendus,  8th  Feb.  189'2  ;  KnncUdge,  vol.  xvL  p.  230. 
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individual  bright  forms  they  include  are  often  bent  into  spirals 
or  doubly  curved.  They  correspond  very  closely,  both  in 
aspect  and  position,  with  facuhe  directly  seen,  arid  were  at 
once,  by  Professor  Hale,  identified  with  them.  M.  Deslandres, 
however,  classing  them  as  a  species  of  hybrid  between  facuht 
and  prominences,  bestowed  upon  them  the  compound  name,  ex- 
pressive of  this  mixed  quality,  of  "  facular  flames."1  Hale's 
view,  in  other  words,  was  that  the  novelty  disclosed  by  his 
"  spectroheliograph "  consisted  in  the  emission  by  faculfe  of 
bright  "H  aud  K"  by  way  of  supplement  to  their  regular 
photospheric  spectrum,  while  Deslandres  considered  that  the 
new  investigation  applied  to  a  distinct  kind  of  objects,  neither 
prominences  nor  fucuke,  although  partaking  of  the  nature  of 
both.  The  question  raised  is  difficult ;  let  us  briefly  examine 
its  bearings. 

The  calcium  -flames  photographed  at  Paris  and  Chicago 
are  certainly  not  prominences.  Their  positions  do  not 
coincide  with  those  of  the  chromospheric  oflshoots.  They 
appear  where  prominences  are  not,  and  vice  versd.  Nor  are 
prominences  bright  enough — unless  by  a  rare  exception — to 
show  in  relief  against  the  sun ;  they  are  strictly  objects  for 
marginal  spectroscopic  study.  Finally,  motion-displacements 
are  conspicuous  in  them,  and  are  absent  from  the  sinuous 
shapes  on  the  disc.  The  objections  to  identifying  these  with 
facuhe  are  less  obvious,  yet  seem  equally  insuperable. 

Facuhe  belong  no  less  unmistakably  to  the  photosphere 
than  the  Himala3ras  do  to  the  earth's  crust.  They  are  flung 
upward  from  it;  they  subside  back  into  it  Their  light  is  of 
the  same  brilliantly  continuous  quality ;  it  is  marked  by  the 
same  kind  and  amount  of  linear  ahsorption.  It  has  then  been 
sifted  through  all  the  vaporous  strata  amassed  above  Lh< 
surface  of  the  sun.  This  gives  the  key  to  the  position ;  for 
it  compels  the  inference  that  while  facuhe  are  situated  beneath 
the  reversing  layer,  the  allied  gaseous  forms  must  be  located 
above  it.  The  argument  for  their  comparative  elevation  is 
cogent.  The  reversing  layer,  as  we  know,  is  rich  in  calcium 
vapour  cooler  than  the  photosphere,  and,  &  fortiori,  cooler  than 
the  flames  detached  by  their  superior  lustre  from  the  photo- 
sphere.    Their  calcium-rays  should,  accordingly,  be  effectually 

1  DwUndm,  L'A*nmt>mitt  Dec.  1801. 
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stopped  by  the  reversing  layer:  th»*y  could  not  by  any 
possibility  bo  transmitted  through  it.  Hence  the  bright 
M  K"  in  which  the  solar  disc  can  be  depicted  must  originate 
above  the  region  when?  Fraunhofer  absorption  takes  place. 
The  wreathing  forum  emitting  it  belong  to  a  different  loe-iliiy 
from  that  of  true  faculsa.  They  are  chromospheric,  not 
photoepheric.  developments.  Yet.  as  just  stated,  they  cannot 
be  assimilated  to  prominences.  They  prolutbly  lie  at  the 
bass  of  the  chromosphere,  and  they  follow  the  distribution  of 
faeuLv  with  do*-,  though  not  rigid  exactitude.  Hydrogen  >; 
at  tiroes  represented  in  their  spectra  by  a  crimson  glimmer 
oJ  C,  so  they  are  not  composed  of  calcium  solely;  but  their 
real  nature  and  place  in  the  sun's  economy  remain  admittedly 
i  niginatk-al.  We  are  only  sure  that  they  spring  up  in  close 
relation  with  facuhe  or  symptoms  of  the  same  disturbances. 
That  their  relation  to  them  is  one  of  actual  identity  seemed 
indeed  at  first  sight  scarcely  open  to  doubt ;  yet  for  the 
reasons  just  assigned  they  must  be  regarded  as  separate 
phenomena. 

The  connection  of  facuke  with  spots  is  not,  its  we  have 
seen,  of  the  ■  mutual  "  kind.  Thair  reciprocity — as  a  typical 
Irishman  might  say — is  one-sided.  Outside  the  spot-zones, 
where  solar  commotions  have  a  less  vehement  character  than 
nearer  to  the  equator,  faculse  lie  "  extended  many  a  rood  "  in 
sluggish  inactivity  during  intervals  long  enough  for  the 
working  out  of  manifold  changes  in  the  brilliant  circum- 
vallations  of  spots.  These  are  very  often  crowned  with 
prominences,  which,  however,  develop  somewhat  tardily. 
Nascent  umbra  are  rarely  accompanied  by  them,  while 
moribund  umbra  offer  a  favoured  site  for  their  growth. 
Thus  a  remarkably  brilliant  prominence,  agitated  by  violent 
motion,  towered  above  the  eastern  limb  as  it  was  passed,  on 
3rd  March  1892,  by  the  shrunken  remnant  of  the  vast  spot- 
group  which  had  slipped  out  of  sight  round  the  western  limb 
a  fortnight  previously.1 

Prominences  are  related  to  the  chromosphere  in  very 
much  the  same  way  that  faculse  are  related  to  the  photo- 
sphere.    They  arise  from  it  by  effluence  or  eruption.      Now 

1  Df*Un<lrrfl,  Coiiipte*  Jimdut,  t.  rxiv.  No.  ii.  \  Journ.  Brit.  Attr.  Au.  vol.  ii. 
|..  237. 
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the  chromosphere  itself  has  a  markedly  eruptive  aspect.  It 
presents  Do  billowy  ocean  surface,  but  resembles  rather  a 
Tartarean  meadow  planted  with  stalks  and  grass  blades  of 
fire,  waving  under  some  unimaginable  furnace -blast.  With 
clear  definition,  a  filiform  texture  is  everywhere  apparent. 
The  "  straw  -thatch "  effect  of  penumbra?  denotes  a  similar 
peculiarity  in  photospheric  materials,  and  that  it  is  shared  by 
prominences  can  be  inferred  from  their  frequent  construction, 
as  if  out  of  the  untwisted  strands  of  a  rope.1  The  red  rim  of 
the  eclipsed  sun  is  conspicuously  jagged,  and  its  saw-like 
outline  suggested  the  name  Sierra,  originally  bestowed  upon 
it  by  Airy  in  1851.  It  does  not,  then,  represent  a  fluid 
envelope  in  a  slate  of  equilibrium.  There  is  another  reason 
why  this  is  impossible.  The  chromosphere  does  not  preserve 
a  uniform  depth.  Averaging  about  5000  miles,  it  is  subject 
to  irregular  and  temporary  variations,  as  yet  imperfectly 
observed  and  entirely  unexplained.  General  subsidences  are 
eveu  affirmed  to  take  place.  One  such  was  noted  with 
surprise  by  Trouvelot,  June  to  August  1875.?  He  had 
frequently  observed  extensive  local  depressions,  but  never 
before  a  universal  shoaling.  He  attributed  to  the  sharper 
views  of  the  photosphere  afforded  by  this  removal  of  part  of 
the  inteqtused  medium,  his  discovery  of  "  veiled  spots,"  im- 
perfect umbra!  formations,  owing  their  abortive  character 
perhaps,  to  their  unfavourable  situation  near  the  poles.  In 
1887,  the  height  of  the  chromosphere,  measured  thirty-two 
times  by  Dr.  F^nyi,  S.J. "  was  found  to  diminish  above  the  spot- 
zones,  and  sensibly  to  increase  outside  their  limits.  It  would 
be  of  interest  to  determine  whether  this  condition  prevails 
commonly,  or  whether  it  is  restricted  to  epochs  of  minimum. 

Prominences  are  of  two  varieties — eruptive  and  quiescent. 
These  differ  chemically,  visually,  and  heliographically.  Eruptive 
prominences  are  of  a  more  mixed  constitution  than  the 
quiescent  sort ;  they  include  many  more  ingredients ;  they 
give  an  intense  carmine  light,  have  jet-like  or  upspringing 
shapes,  and  are  mostly  confined  to  the  spot-zones.  They  are 
genuine  fire-fountains,  while  quiescent  prominences  frequently 

1  Kvarikatl,  AMr.  nnrt  AntrvpHytirt,  vol.  xL  p.  240. 
■  Jmrr.  J+»r*.  of  &***** ,  vol.  xi.  p.  I«t  (1»7«). 
'  Publico*.  HttvnnM  Okmtioty.  Bd.  vi.  f,  40. 
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resemble  doud-banks.     The   fonuer  ore  individual  outbreaks ; 

th«;       Ut»lW     Ullito     into     t<»llllllt:nitirs,     ci  itillL'       banyan 

groves,  ranges  of  jungle,  fields  of  cirrus.  Usually  connected 
with  the  chromosphere  by  stems  or  trunks,  they  in  some  cases. 
not  only  lloat  free  in  isolated  masses,  but,  still  inure  remark- 
ably, arc  generated  at  great  elevation*  above  it,  aa  if  by  the 
spontaneous  illumination  <>f  pre  -  existing  material.  Ths 
analogy  with  terrestrial  condensations  in  an  azure  sky  ifr 
obvious,  but  may  bo  quite  misleading. 

Quiescent  prominences  develop  on  an  enormous  scale,  nor 
always  tranquilly.  Formations,  at  least,  which  are  in  some 
respects  cognate  with  them,  Wome,  on  occasions,  tin-  scenes 
of  striking  explosive  accidents.  So  that  their  generic  title 
must  be  understood  in  a  restricted  sense.  Thus  the  cloud- 
like character  of  a  huge  object  photographed  by  Dettlandres,1 
31st  May  1894,  seemed  vouched  for  by  its.  vicinity  to  the 
south  pole,  and  by  the  large  extant  of  the  solar  limb  garnished 
by  it.  At  2  P.M.,  when  it  was  first  pictured — as  usual,  in 
uslcittrn  light — its  height,  apart  from  foreshortening,  was 
J*  20",  or  63,000  English  miles.  At  4h  27'"  it  had  sprung 
np  to  136,000,  and  73"  later  still  to  270,000  miles  (see 
Plate  IV.,  Fig.  2),  an  elevation  far  beyond  any  recorded  for 
objects  of  the  kind  situated  more  than  sixty-five  degrees  from 
the  solar  equator,  while  this  wonderful  structure  spread  from  the 
seventieth  to  the  eighty-first  southern  parallel.  Perceptibly 
filamentous,  it  seemed  to  grow  by  the  elongation  of  its  com- 
ponent threads  or  ribands,  and  included  within  its  vast  bulk 
probably  the  minimum  conceivable  quantity  of  matter.  On 
the  same  plates,  a  group  of  smaller  but  intensely  active 
prominences  registered  themselves  at  the  solar  antipodes. 

An  example  of  a  transient  apparition,  difficult  to  classify, 
is  given  in  Fig.  12.  It  simulates  a  portentous  conflagration. 
From  bottom  to  summit  the  red  pillar  of  hydrogen  measured 
166,000  miles,  according  to  Dr.  Fenyi's  observation  at  2h  20", 
19th  September  1893.  But  it  wholly  lacked  any  interior 
principle  of  stability.  Opposite,  and  excessively  swift  move- 
ments in  line  of  sight  of  the  base  and  shaft  betrayed  the 
progress  of  destructive  change.  The  catastrophe  was  not  long 
delayed.      Within  less  than  half  an  hour  all  was  over.      A 

1  Coinptes  Hmduj,  25th  Jan.  1897. 
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set  in  tit  llic  rate  of  132  miles  a  second,  carry  tag 
edifice  to  a  height  of  224,000  miles,  A  minute  and 
a  half  later,  it  had  faded  and  dissolved,  "  like  the  baseless 
fabric  of  a  vision,"  leaving  just  "  a  rack  behind  "  in  the  shape 
of   an    insignificant    protuberance    hedged     in    with     fnculie. 

■  Throughout  the  course  of  its  appearance,"  Dr.  Kt?nyi  wrote,* 

■  the  entire  object  consisted  simply  of  very  bright  luminous 
bands  or  strips  scattered  one  after  another  in  ragged  forms, 
and  apparently  lying  nearly  at  right  uncles  to  the  limb  of  the 
nun.  They  were  strikingly  bright  rvrn  in  the  highest  parts 
of  the  prominence.  The  form  us  a  whole  was  also  like  a  band 
or  stripe,  which  had  no  prououiuvd  inclination,  but  stood 
erect  nearly  in  the  direction  of  the  sunn  radius." 

This  amazing  outburst  was  repeated  with  oubunecineuta, 
nineteen   hours  later,  at  a  point  on  the  sun's   limb  almost 

■  inntftii'  .ilW    Oppofita    to    U-    pratflOHBOK       DlS  in  i^'ltt  in  Urn- 

case  attained  was  300,000  mil»-*,  tin-  in.aii  wU ity  of  ascent 
being  214  miles  a  second,  t)eflidea  which,  retreat  from  the 
earth  was  indicated  for  the  entire  mum  at  the  rate  of  close 
upon  160  miles  a  second.  A  convulsion  at  least  iijiully 
violent  was  witnessed  by  the  same  observer  on  24th  December 
1894/  when  a  brilliant  and  wide -spreading,  yet  tolerably 
tranquil  prominence,  56,000  miles  high,  suddenly  began  to 
mount,  and  attained  in  thirty  -  five  minutes  the  towering 
stature  of  300,000  miles.  Speedy  disorganisation  ensued. 
Less  than  two  hours  after  the  explosion  its  scene  was  vacant 
The  body  affected  by  it  had  been  shattered  out  of  existence 
by  its  destructive  violence. 

The  Kalocsa  observations  were  made  with  a  visual  spectro- 
scope. Simultaneous  photographs  would  have  been  of  especial 
value  for  comparison  with  them,  but  leisure  was  not  afforded 
for  combining  methods.  The  three  objects  they  referred  to 
were  palpably  identical  in  character.  All  showed  precisely 
the  same  kind  of  structure.  They  were  made  up  of  glowing 
vertical  bands,  collected  into  loose  sheaves,  or  scattered  in 
outlying  detachments.  £ach  enormous  aggregation,  too,  stood 
erect  during  the  tumultuous  processes  of  expansion  and 
collapse.      They  were  related  to  spot-groups,  if  at  all,  only 

'  A  Mr.  and  Aitropkyria,  vol.  xiii.  p.  124. 
1   Astroph.  Joum.  vol.  L  p.  212. 
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by  tin* metrical  opposition.  The  singular  counterlialancing 
tendency  of  solar  disturbances  is  frequently  conspicuous,  and 
perhaps  rarely  or  never  absent.  Two  gigantic,  although 
ephemeral  apparitions,  thus  coupled,  were,  for  instance, 
observed  by  Trouvelot,  26th  June  1885 ;'  und  on  16th 
August  of  the  same  year  he  noted  the  apparent  connection 
of  a  prodigious  chromospheric  outburst  with  a  spotted  con- 
dition of  the  limb  180°  distant.  A  relief  of  pressure  may 
be  concerned  in  these  phenomena,  as  in  volcanic  eruptions :  if 
so,  the  lift,  or  diminution  of  gravity,  must  act  right  across  the 
solar  globe,  quickening  convection-currents  and  facilitating 
the  antipodal  delivery  of  extra  supplies  of  heat  In  point  of 
fact,  the  usual  premonitory  symptom  of  the  explosive  develop- 
ment of  prominences  is  a  disengagement  of  light.3  Exceptional 
brilliancy  is  the  forerunner  of  abnormal  activity.  No  satis- 
factory cause,  however,  can  be  assigned  for  the  imagined  relief 
of  pressure,  since  tidal  influences  are  fairly  out  of  the  question 
Only  one  undeniable  inference  can  be  derived  from  the  con- 
trary symmetry  of  solar  commotions.  It  is  that  they  are 
extremely  deep-seated.  They  have  their  roots  in  the  hidden 
profundities  of  the  great  globe  they  agitate  exteriorly.  They 
are  not  then  mere  local  accidents;  they  make  an  intimate  part 
of  the  solar  economy.  The  recognition  of  this  characteristic 
is  interesting  and  important.  / 

The  tallest  prominences  are  ordinarily  the  least  coherent 
in  structure.  An  example  is  shown  in  Fig.  13,  from  a 
drawing  made  by  M.  Fenyi,  3rd  October  1892.  The 
object  it  portrays  was  almost  unique  in  it*  fantastic  and 
colossal  form.  Overarching  thirty  degrees  of  the  limb,  it  rose 
above  it  to  a  height  of  nearly  a  quarter  of  a  million  of  miles. 
Its  fragmentary  composition  was  patent.2  Under  the  eyes  of 
the  delineating  artist  it  was  "  in  the  act  of  being  blown  to 
shreds."  Photographs  happily  secured  at  Chicago  seven  hours 
later,  exhibited  it  as  then  fallen  to  less  than  one-quarter  of  it* 
high  estate,  while  of  augmented  lateral  spread.  These  repre- 
sented, of  course,  its  calcium  aspect,  the  Kalocsa  drawing  its 
shape  in  red  hydrogen ;  but  there  waa  no  evidence  of  the  two 

1  Conptm  Rtndiis,  t.  d.  pp.  GO,  475. 

'  Troiirelot,  /;•*//.  J*tr.  t.  lii.  p.  ». 

•  Frnyi,   d*T>  tn,f  Jttre^MfMiet,  vol.  xii.  p.  Wi. 
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vajHiurs  being  differently  distributed  throughout  this  bubble 
edifice.  Facular  patch?*  marked,  on  the  sensitive  plates,  the 
points)  both  of  rise  and  re-dmoent  of  the  materials  constituting 
it  Next  morning  only  some  insignificant  wreckage  strewed 
iu  place;   virtual  annihilation  had  overtaken  it 


P».  IS. - Prominence  ob*erv«d  it  the  H»>  n»ld  ot^rniorj.  3rd  October  ltuz.     Height,  8"  SI'. 


The  tremendous  velocities  observed  in  prominences  con- 
stitute a  formidable  problem  in  solar  physics.  They  not 
infrequently  exceed  the  critical  rate  of  383  miles  per  second ; 
that  is  to  say,  they  transcend  the  limit  of  the  sun's  gravi- 
tational controlling  power,  and,  apart  from  possible  resistance 
by  a  medium,  should  carry  the  substances  animated  by  them 
finally   away   into  space.      The  shapes  and  motions  of  pro- 
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minenoes,  however,  clearly  indicate  Home  retardative  action,1 
although  it*  excessive  feebleness,  at  least  in  coronal  regions, 
can  be  inferred  from  the  unimpeded  circulation  of  comets  pass- 
ing within  u  hundred  thousand  miles  of  the  sun's  surface. 
Hence  it  is  only  a  surmise,  not  a  certainty,  that  ehromoepheric 
outbursts  are  attended  by  irrevocable  loss  of  matter.  The 
swiftest  so  far  recorded  took  place,  17th  June  1891,  in  con- 
nection with  a  spot  just  disappearing  through  rotation.  A 
concentration  of  vivid  luminosity  gave  the  signal  that  some- 
thing unusual  was  impending,  "and  after  six  P.M.,  Kalocsa  mean 
time,"  M.  Fenyi  wrote,3  "  the  point  at  281°  shone  with  so  great 
a  brilliancy  that  its  reddish  light  seemed  to  become  white ;  U 
enormous  displacement  of  the  spectrum  towards  the  blue,  ab  a 
medium  height  above  the  sun's  limb,  indicated  at  the  same 
time  an  approach  of  the  hydrogen  in  our  direction  with  a 
prodigious  velocity."  The  entire  object,  which  was  composed 
of  glowing  filaments,  lay,  in  fact,  on  the  more  refrangible  side 
of  the  C-liue,  as  the  result  of  approaching  speed  up  to  550 
miles  a  second.  A  vertical  ascent  at  the  rate  of  300  miles 
being  meanwhile  directly  visible,  a  total  velocity  (neglecting  an 
uncertain  third  component)  of  about  680  miles  a  second  must 
have  been  attained  in  this  amazing  explosion.  Trouvelot's 
observation  a  few  hours  earlier  of  a  brilliant  aud  peculiar 
fucular  blaze  at  the  place  where  it  occurred3  was  significant  of 
the  intense  energy  pent  up  in  the  spot-group,  waiting  release 
by  the  figurative  trigger-touch. 

This  prominence  easily  wins  the  prize  for  rapidity  of 
movement ;  yet  the  competition  has  been  keen.  Velocities  of 
the  same  order,  arising  under  similar  circumstances,  have  beeu 
frequently  determined.  They  appear,  indeed,  improbable, 
and  have  been  stigmatised  as  "  fabulous."  No  actual  transport 
of  matter,  it  is  alleged,  can  be  in  question,  but  merely  a  swift 
transference,  through  gases  previously  obscure,  of  a  luminous 
condition.4  But  this  does  not  account  for  the  conspicuous 
shift ings  of  spectral  lines,  which  could  not  ensue  from  the 
progress  of  incandescence  through   stationary  matter.     They 

1  Dotlamlrva,  indeed,  obeerred  velocities  to  become,  aa  a  rule,  accelerated 
in  the  upper  sections  of  prominence*  {£rtipM  it*  M  AvriJ,  18P3,  ji.  €0) ;  but  tin* 
iit-.d  not  imply  that  they  spring  up  in  a  perfect  racuiim. 

■  Adr.  and  ArtropKync*.  vol.  xi.  p.  «8.  ■  11.  EL  Turner,  Mi  p.  tf. 

*  Brater,  TMvrUd*  SoUil,  p,  54. 


the  strict  application  of  Doppler's  principle ;  real 
atiee  must  correspond  to  them.  Nor,  even  if  there  could 
be  deception  About  tL«  movements  of  prominences  in  the  line 
of  sight,  is  illusion  possible  atxmt  those  acrons  it.  Ami  Imth 
kinds  are  of  the  some  order  of  apeed ;  they  are  com- 
plementary ;  they  represent  different  aspects  of  identical  dis- 
turbances. This  is  not  all  Prominences  are  often  visibly 
twisted;  they  are  composed  of  Kpimlly  mounting  flames; 
while  to  this  helical  conformation  correspond  gyratory  move- 
ment*, at  times  disclosed  by  the  spectroscope.  Here,  at  any 
rate,  we  have  to  do  with  bodily  transportations  of  iaattrr . 
"luminescence"  cannot  be  propagated  \<aiK'jiliy.  Besides,  the 
MMurt-d  hjh^m^  an;  as  difficult  to  t<vpluiu  on  en-  hypothesis 
as  on  the  other.  Chemical  action  does  not  spread  instan- 
taneously. Through  thi-  tenuoua  gases  of  the  chromimphm', 
a  maximum  rate  of  one  mile  a  second  might  be  assigned  to  iu 
progrees — o  nitc,  that  is  to  say,  some  hundreds  of  times  slower 
than  the  velocities  to  be  explained.  That  they  are  soim-liow 
of  electrical  production  is  a  safe  assertion,  likely  to  be  true,  if 
not  in  an  immediate,  then  in  a  remote  sense.  Yet  we  are 
little  the  wiser  for  the  admission.  The  "  floating  of  an  idea  " 
in  the  mind  does  not  constitute  knowledge ;  and  a  speculation 
is  only  valuable  when  it  offers  a  definite  starting-point  for 
practical  research. 

Total  eclipses  have  ceased  to  be  indispensable  for  the 
prosecution  of  chromospheric  studies.  Day  by  day  the  red 
rim  of  the  sun,  with  the  strange  forms  protruding  from  it,  can 
be  viewed  spectroscopically ;  and  day  by  day  the  same  objects 
vestured  in  violet  can  be  photographed  under  the  broad 
shelter  of  the  Fraunhofer  K-line.  Nevertheless,  noontide  dark- 
ness, when  it  comes,  brings  very  appreciable  help.  Differences 
are  noticeable  between  what  can  be  seen  in  and  out  of  eclipse. 
According  to  the  late  Professor  Tacchini,1  the  chromosphere 
always  appears  deeper  under  cover  of  the  interposing  moon, 
because  it  is  surmounted  by  a  pink-white  margin,  giving  con- 
tinuous light,  and  therefore  spectroscopically  invisible  in  day- 
light. Some  prominences  are  probably  of  analogous  composition. 
Only  their  skeleton-forms  come  out  in  the  crimson  radiance 
of  hydrogen ;    they   are  compacted  and  clothed  with    white 

1  Hftle,  Aitroph.  Journ.  vol.  iii  p.  377. 
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materials,  the  shining  of  which  is  effaced  by  the  glare  of 
common  day.  A  spectroscopic  survey  of  the  chromosphere 
Mi  its  appendages  should  hence  always  be  mode  immediately 
before  and  after  every  eclipse,  for  comparison  with  the  direct 
photographic  records  obtained  during  the  corresponding 
totalities.  For  the  present  the  information  acquired  by  day- 
light work  at  the  edge  of  the  sun  remains  under  u  partial  slur 
of  incompleteness. 

The  objects  called  "white  prominences"  belong  indeed 
wholly  to  the  pageantry  of  eclipses.  First  noticed  by  Tacchini 
at  Carolina  Island,  6th  May  1883,  they  showed  as  lucid  jets 
al>out  a  hundred  thousand  miles  high,  with  a  surface  like 
granulated  silver.  Attempts  made,  after  the  return  of  day- 
light, to  view  them  prismatically  proved  fruitless ;  they  gave 
forth  no  hydrogen  or  helium  rays.  Again  at  Grenada,  29th 
August  1886,  a  gigantic  helical  structure,  described  by  Mr. 
Maunder  as  "of  the  intensest  silver  whiteness,"1  towered  three 
hundred  thousand  miles  above  the  limb  of  the  moon.  Its 
spectrum,  photographed  by  W.  H.  Pickering,  included  bright 
H  and  K,  and  Professor  Hale  accordingly  entertained  the  hope 
that  such  objects  might  come  within  the  range  of  his  spectro- 
heliograph  ;  but  so  far  no  trace  of  thorn  has  been  caught 
outside  total  eclipses. 

Dark  chromospheric  forms  are  not  unknown.  A  "  black 
protuberance,"  observed  by  Trouvelot  at  Meudon,  7th  October 
1892,8  might  have  been  only  a  negative  impression,  like 
"  black  "  Hashes  of  lightning ;  yet  it  in  a  measure  falls  into 
KM  with  eclipse-records  certainly  not  due  to  illusion.  In  the 
great  "  anvil  protuberance"  disclosed  7th  August  1869,  Dr. 
Lewis  Swift  saw  "many  black  lines  crossing  in  different 
directions!  and  inasmuch,"  he  added,  ■  as  they  must  have  been, 
at  least,  fifty  thousand  miles  long  and  a  thousand  miles  broad, 
it  would  appear  to  be  important  to  understand  the  cause  of 
this  phenomenon,  and  (to  ascertain)  if  these  markings  are 
always  present/'*  Corroborative  observations  were  made  by 
Alvun  I ;.  I  'lark  and  Professor  George  Davidson.  With  them 
limy  lie  usefully  compared  M.  Uais's  description  of  a  black- 
edged   hut  colourless   prominence  watched    at   Paranagua,  in 

./    Trana.  vol.  e\x\x.  p.  315.  ■   L'Aatronomir,  t.   v-ii.  y.  1J. 

•  Uak  lUporti  on  Tctal  EcHjm  of  Id  /.i*uary  I8S9,  p.  2W. 
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Brazil,  daring  the  eclipse  of  7th  September  1858.1  The 
composite  effect  was  not  due  to  contrast,  shire  the  obscure 
iiimiiit  stood  nut  alone  when  the  bright  lower  portion  had 
disappeared  behind  the  advancing  moon.  These  singular 
abnantta  rxritr.i  liiti.-  rwiuini.'iit,  tad  ).ip-'<i  Into  oUhitti, 
so  that  dusky  ramifications,  connecting  and  defining  prominences 
in  the  eclipse -photographs  of  9th  Au-unt  1896,'  teemed 
entirely  novel  features.  They  were  explained  by  M.  Hansky. 
a  member  of  the  Russian  party  oti  the  Amur,  as  outflows  of 
hydrogen  cooled  by  expansion  f  but  inadequately.  Hydrogen 
below  the  temperature  of  luminosity  is  transparent,  and  the 
photographed  vcinings  were  densely  opaque.  They  afford  a 
hint,  that  will  certainly  not  be  disregarded,  of  the  workings  of 
unknown    activities-   in    connection  with    promincnce-devolop- 

:  M'lif 

1  Mtmuirt  KeipU  Adr.  ftocirty,  rol.  Ul.  p.  S19  (Hin>»>  : 

1  BA  Tmm  vol.  ezc.  *,  2<m  (W«lty). 

1  Bull,  tis  i'Acad.  Imp.  tU*  Sex*****,  Man  ISH7,  \k  263. 


CHAPTER    X. 

THE    CHROMOSPHERIC    8PECTHUM. 

The  spectrum  of  the  chromosphere  is  almost  purely  discon- 
tinuous. It  is  composed  of  detached  bright  lines.  Some  of 
these  are  always  present,  but  the  majority  come  and  go.  We 
will  consider  first  the  permanent  radiations. 

The  chief  of  these  are  readily  identified ;  they  belong  to 
hydrogen,  helium,  and  calcium.  Thirty  hydrogen  lines  have 
been  seen  or  photographed  in  dispersed  chromospheric  light, 
all  members  of  the  original,  or  "  Huggins  series,"  which 
attained  nearly  to  its  theoretical  limit  on  plates  exposed  by 
Mr.  Evershed  during  the  Indian  eclipse  of  1898.  The 
fundamental  C  (Ha)  is  the  brightest.  To  its  intensity  is  due 
the  crimson  glow  of  chromosphere  and  prominences ;  and 
prominences  viewed  spoctroecopically  on  this  line  appear  larger 
than  when  imaged  in  any  of  the  other  qualities  of  hydrogen- 
light.  This  is  generally  explained  by  the  influence  of 
temperature,  a  higher  degree  of  heat  being  needed  to  give- 
complete  development  to  forms  of  shorter  wave-length.1  A 
comparatively  moderate  chromospheric  temperature  would 
thus  be  indicated.  But  there  may  be  other  influences  in 
question.  Professor  J.  J.  Thomson  made  the  significant 
observation  in  1895 *  that  the  red  and  green  lines  of 
hydrogen  show  marked  differences  of  intensity  at  the  two 
electrodes  of  vacuum-tubes,  the  red  predominating  on  tho 
positive,  the  green  on  the  negative  side  of  a  partition.  The 
hint  must  indeed  be  reserved  for  future  use.  We  are  not  yet 
in  .1  portion  to  airily  it,  profitably. 

'  Fro«t-5cli -inc'i,  A drvnomicaJ  Spectroscopy,  |«.  169. 

1  TVec.  Royal  Society,  rol.  triii.  \>.  '.'.'>.'•. 
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The  helium-spectrum  of  the  chromosphere  also  gives  rise 
to  some  interesting  consider* Linus.  For  it*  vtiriouB  coustitu- 
eat  series  are  not  represented  indiscriminately  at  the  edge 
of  the  sun.  These  series,  we  may  remind  our  readers,  are  six 
in  number,  and  tbey  are  distributed  with  heautiful 
into  two  corresponding  triple  systems.  They  may  be  dis- 
tinguished for  convenience  as  ■  yellow  ■  aud  "  green,"  D^ 
giving  the  tone  to  the  fonneT,  several  vivid  gram  lines 
characterising  the  bitter  set.  In  the  laboratory,  as  we  have 
seen,  they  are  inseparable ;  one  set  cannot,  by  any  artifice  so 
far  devised,  be  procured  apart  from  the  companion  set. 
Bat  it  is  otherwise  in  the  sun.  Yellow  helium  is  always 
present  in  the  chromosphere  and  prominences ;  green  helium 
only  about  one-fourth  as  often  as  it  is  looked  for.  Tho  per- 
manent chromospheric  lines  are  four,  namely,  one  far  down  in 
the  red  at  X  70G5.  the  familiar  D8,  a  deep  blue  ray  at  X  4472 
(formerly  known  as  "/"),  and  the  ultra-violet  "leader  line" 
of  the  principal  series  at  X  3889.  These  have  prohubly  many 
associates  of  still  shorter  wave-lengths ;  but  photographic  data 
are  too  scanty  as  yet  for  puq>oses  of  discrimination  between 
the  constant  and  tiie  occasional  elements  of  the  spectrum. 
They  do  not  proceed,  it  must  be  borne  clearly  in  mind,  from 
two  substances,  but  from  one  indivisible  form  of  matter, 
differently  conditioned.  In  what  way,  it  is  not  easy  to 
imagine.  Laboratory  experiments  show  that  the  green  set 
of  lines  gains  relatively  in  brightness  with  rarefaction,  although 
the  yellow  set  persists  as  well  to  the  limit  of  practicable 
exhaustion.  This  indication,  however,  does  not  open  a  way 
out  of  the  chromospheric  difficulty.  The  gases  near  the  sun 
are  of  inordinate  subtlety.  Helium  ought  there,  if  this  alone 
were  the  determining  quality,  to  be  in  the  green  state.  Its 
most  fundamental  emanation,  nevertheless,  is  Dr  Nor  is 
its  dominant  position  compromised  in  the  highest  prominences. 
On  the  contrary,  the  green  rays  nearly  aways  proceed  from 
lower  lying,  and  therefore  from  denser  strata  than  the  yellow.1 
Supplementary  influences  are  then  active — temperature,  mode 

1  Some  American  photographs  Uken  during  the  eclipse  of  28th  May  1900 
{Auropk.  Journ.  vol.  xii.  p.  S3)  show  a  brightening  upward  from  the  limb,  m  if 
through  increased  rarefaction,  of  a  few  lines  belonging  to  green  helium.  This 
behavionr  mm  io  the  direction  indicated  by  vaouum-tnbe  experience. 
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of  illumination,  admixture  of  foreign  materials.  To  this 
latter  cause  of  spectral  modification,  helium,  we  know,  is 
abnormally  sensitive.1  And  it  is  quite  possible  that  some  of 
the  series  emitted  by  it  may  be  more  liable  to  suppression 
than  others,  in  which  case  the  emergence  of  the  yellow  with- 
out the  green  set  would  be  an  effect  of  damping,  not  of 
density.  It  must,  nevertheless,  be  admitted  that  what  little 
relevant  experimental  evidence  there  is,  scarcely  countenances 
this  surmise.  The  complex  spectra  derived  by  Professors 
Liveing  and  Dewar3  from  the  volatile  residuum  which  survived 
the  freezing-out  of  the  main  constituents  of  atmospheric  air, 
iin-hi<l..'il  r.iv-  token  imperially  EMo  .ill  tha  bolim&^Britt 
No  quantitative  analysis  of  the  contents  of  their  tubes  was, 
however,  possible ;  and  the  fact  has  been  otherwise  learned 
that  the  helium-ingredient  of  a  blend  must  be  predominant 
to  become  spectroscopically  conspicuous.  Every  volume  of 
hydrogen  present  in  the  chromosphere  (neglecting  the  effect  of 
metallic  vapours)  should  thus  probably  be  diluted  with  two 
volumes  of  helium;  constituting  the  solar  appendage  largely 
a  helium  envelope.  This  important  piece  of  information  was 
brought  within  reach  only  by  terrestrial  observation  of  the 
new  element  captured  from  clevite. 

Thr>  significance  of  calcium  in  its  chromospheric  relations 
has  only  of  late  been  fully  recognised.  And  this  for  an 
obvious  reason.  It  is  represented  by  only  one  pair  of  lines — 
bright  H  and  K — and  these  are  so  near  the  limit  of  visibility 
that  they  could  be  effectively  studied  only  by  the  aid  of 
photography.  They  were  indeed  registered  as  leading  features 
of  the  chromospheric  spectrum  by  Professor  Young  in  1872; 
hut  ho  was  entirely  incredulous  as  to  their  calcium  origin, 
holding  it  impxissible  that  a  substance  with  a  vapour  density 
forty  times  that  of  hydrogen  should  mount  to  at  least  equal 
elevations  above  the  sun's  surface.  Sir  Norman  Lockyer,*  on 
the  other  hand,  maintained  them  to  be  characteristic  of  u 
subtle  dissociatiou-product  of  calcium,  alleging  in  support  of 
his  view  the  progressive  enfeeblement  of  the  "blue  line  "  of 
calcium  (A  4227),  concurrently  with  the  enhancement  of  H 
K,  us   the   substance   was    more    and    more    completely 

*  S«a  «ni«,  p.  CO.  ■  Aw,  Roytd  SocUty,  vol.  Uvii.  \\  ««7. 

*  The  Chemistry  of  tk*  Sun,  p.  194. 
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decompose*!  at  each  addition  of  intensity  to  the  Maetrie 
current  transmitted  through  the  vacuum  tubes.  The  case  for 
dissociation  appeared  strong  ;  it  has,  nevertheless,  bmfeu 
down.  Sir  William  and  Lady  Huggins  in  1897  successfully 
reduced  calcium  to  the  "two-line"  condition  by  attenuation 
alone.1  Thus  the  enigmatical  promin*>noe-spectmm  of  calcium 
was  at  last  artificially  produced,  and  no  escape  wan  Ml  frtmi 
the  identification  with  true  metallic  calcium  of  the  fonn  of 
matter  encompassing  the  nun  with  violet  radiance. 

A  formidable  problem,  however,  remained.  Calcium  near 
the  sun  seems  to  posses**  a  U-vitatiiuj  faculty  altogether  inex- 
plicable. It  floats  as  high  up  as  hydrogen,  or  even  overtops 
i'  H  and  K  are  the  Mn  diffuxive  of  all  the  pnWrtlHMfr 
rays ;  they  are  derived  from  the  summits  of  the  tallest  dames, 
and  from  every  Kbre  of  their  texture.  This  snoaualous  agility 
in  a  comparatively  heavy  metal  must,  according  to  the  late 
iivfessor  Kaeler,"  be  the  index  to  some  reinsrkablo  property 
unrecognised  by  iinltnary  chemical  uit'tlmds.  Ull>JB,  indrwd, 
something  analogous  to  electrolytic  action  be  in  question.  There 
is  much  to  be  said  in  favour  of  M.  DeslandreVs  opifliOfl  ttwit  the 
chromoFphere  ifl  electrically  luminous  ;"  and  if  so,  then  *  ion*," 
not  molecules  or  atoms,  are  presumably  its  constituting  particles. 
Bat  ions  are  on  a  Lilliputian  scale  of  magnitude,  and  they 
may  be  of  nearly  the  same  mass  for  all  the  chemical  elements. 
Here,  however,  we  trench  upon  a  region  of  pure  speculation. 
A  region,  nevertheless,  that  is  likely  ere  long  to  be  annexed, 
in  part  at  least,  to  surveyed  territory,  since  pioneers  are 
actively  engaged  there.  Much,  in  the  interpretation  of  solar 
phenomena,  depends  upon  the  results  of  their  work ;  for  here, 
as  in  every  department  of  astrophysics,  the  experimental 
decisions  of  terrestrial  physics  must  be  awaited,  not  antici- 
pated. 

The  three  ingredients  of  the  chromosphere  so  far  spoken 
of — hydrogen,  helium,  and  calcium — are  found  as  well  in  its 

1  Proe.  Royal  Society,  vol.  Ui.  p.  433.  Betides  H  and  K,  edtott  of  them 
•arrive  in  a  |*ir  situated  so  high  in  the  ultra-violet  that  they  out  only  be 
photographed  with  a  Specially  adapted  apparatus.  Their  wave-lengths  sre 
\  3179  and  \  3159.  They  may  or  may  not  be  chromoapheric  lines.  The  records 
so  for  obtaiufd  do  not  extend  to  their  remote  position. 

7  Bulletin  uftiu  Ytrka  ObtemUory,  No.  4,  1897. 

»  OUcrralio>u  <U  Vtclijm  ToUiU  du  SoUU  du  16  Avrily  18M,  p.  64. 
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eruptive  outgrowths.  Gaseous  prominences  of  all  sorts  and 
sizes  are  thus  triply  compounded.  But  we  have  now  to  con- 
sider a  form  of  matter  permanently  present  in  the  chromo- 
sphere, though  rarely  projected  to  any  considerable  altitude 
above  it  Its  badge  is  a  single  green  ray,  which  has  a  curious 
history.  It  whs  momentarily  identified  with  an  auroral  line; 
it  was  long  erroneously  identified  with  the  distinctive  corona- 
line.  It  is  apparently  reversed  in  the  sun — that  is  to  eay. 
a  Fraunhofer  line  falls  just  in  its  place.  This  is  KirchhofFs 
"  1474"  (known  as  1474  K),  which  has  proved,  under  dose 
scrutiny,  to  be  triple.  It  results  from  absorption  by  iron, 
by  cobalt,  and  by  an  unrecognised  substance.  Now  the 
chromospheric  ray  agrees  in  position  with  the  iron  line,  which 
is  one  of  secondary  importance ;  yet  it  cannot  at  present  be 
asserted  confidently  that  it  really  emanates  from  glowing  iron- 
vapour.  If  it  did,  it  should  be  ordinarily  associated  with 
other  iron-lines,  and  none  have  been  ascertained  to  make  part 
of  the  fundamental  chromospheric  spectrum.  The  vapour 
giving  out  "  1474  K,"  however,  is  never  absent  from  the  solar 
envelope,1  although  it  perhaps  subsides  at  times  into  its 
lower  strata1  On  the  other  hand,  it  occasionally  rises  in 
metallic  prominences  to  a  height  of  about  fifteen  thousand 
miles.  Mr.  Lord,  at  the  Lick  Observatory,  observed  the 
enigmatical  line  (\  53 168)  as  shining  vividly  at  the  base  of  a 
violently  disturbed  prominence  on  4th  August  1892,s  and  Mr. 
Evershed  records  similar  experiences.  Dr.  Fenyi  caught  a  still 
rarer  effect  on  19th  February  1892  in  a  prominence  attending 
the  great  sj>ot-group  then  visible.4  The  object  was  peculiar, 
though  not  unique,  in  showing  complete  forms  built  up  of 
the  various  metallic  and  other  substances  injected  into 
it  from  below.  Fig.  14  reproduces  an  instructive  drawing 
made  on  the  spot.  The  bottom  sketch  was  taken  on 
the  C-line  when  the  eruption  was  at  its  height.  It  reached 
an  elevation  of  56,000  miles.  The  over-arching  of  three 
filaments  towards  a  point  at  some  distance  from  the  base  is 
noteworthy.  The  second  drawing  in  Fig.  14  is  of  a  date 
twenty-four  minutes  later  than  the  first.      It  depicts  the  flame 

1  tUfe,  AttropK  Journ.  voL  r.  p.  225. 

*  Kvarahcc],  Xaturv,  »th  8«]iL  1BV7. 

•  A+r  ntui  Atraphysia.  voL  «i.  p.  7S8.  •   [bid.  p.  430. 
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in  "  parhelium  M  light.  The  image  viewed  was  constructed  on 
the  red  ruy  of  "  green  H  helium.  This  was  much  smaller  than 
the  simultaneous  hydrogen -image,  and  that  obtained  0B  tihi 
-  1474  "  line  had  shrunken  still  farther.  But  it  was  measured 
at  half-past  ten,  an  hour  after  the  drawing  on  "  C "  had 
been   made,  wheu    the    first    vehemence    of    Lhe   outburst    had 


ih.  W7»  K.      |  ■  it.-.-M        ..   -v. 


M  Atfttf.      ■*  |4».       11../! 


(>d  C-liD«,  ITUl  F*b.  1*M,  0*  »•.     Bei<tat  -  1M*. 
Kia   14.  — Forma  of  a  Prominence  in  Hyilroftn,  UHlum,  «nd  Puni'to-Coroolum  (Ffaiyi). 


subsided.  The  line  1474  K  is  singularly  exempt  from 
displacement  effects  through  motion.  It  remains  erect  and 
undeviated  in  the  midst  of  solar  storms.  Nor  does  it  widen 
perceptibly  with  increase  of  pressure  downward.  Its 
invariable  fineness  contrasts  remarkably  with  the  wedged 
shape  near  the  photosphere  of  C,  H,  and  K.  Unusual  agita- 
tion is  betokened  by  its  emergence  in  prominences. 

Eclipse-spectrographs  do  not  include  it,  while  they  have 
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a  Horded  some  other  quite  unexpected  results.  Of  special 
consequence  is  Mr.  Eversheds  detection  of  titanium  as  an 
unfailing  chromospheric  element.1  Plates  exposed  by  him 
in  India,  22nd  January  1898,  proved  to  be  crowded 
with  ultra-violet  lines  belonging  to  this  metal.  Some  among 
them  had  indeed  been  already  recognised  by  Mr.  Jewell  in 
Professor  Hale's  daylight  photographs  of  prominence-spectra.2 
The  height  to  which  they  extended  indicates  a  diffusiveness 
for  titanium-vapour  equal  to  that  of  hydrogen  and  helium, 
although  inferior  to  that  of  calcium.  Its  atomic  weight  on 
the  hydrogen  scale  is  48  ;  it  is  just  as  much  lighter  than 
iron  as  it  is  heavier  than  calcium.  But  comparative  vapour- 
densities  are,  so  to  speak,  impotent  for  the  regulation  of 
elemental  distribution  near  the  sun.  Another  surprise 
afforded  by  the  Indian  eclipse  was  the  conspicuous  presence 
in  the  chromosphere  of  scandium  as  well  as  of  manganese 
and  chromium  ;  while  Mr.  Hartley  3  has  identified  as  another 
of  its  constituents  the  rare  metal  gallium  from  two  of  its 
characteristic  lines  (X  4172  and  \  4033)  recorded  during  the 
eclipse  of  1893. 

On  29th  September  1897,  Professor  Hale,  using  a 
grating  spectroscope  on  the  forty-inch  Yerkes  refractor,  dis- 
cerned the  green  carbon  fluting  bright  at  the  edge  of  the  sun.* 
Two  years  later,  he  found  the  corresponding  yellow  band, 
although  the  third  in  the  blue  remained  imperceptible.  He 
interred  the  permanent  existence  near  the  sun  of  a  shallow 
layer  of  carbon  vapour.4  Its  rays  do  not  come  near  the 
surface ;  they  have  to  be  drtdgtd  for.  Hence  the  extreme 
delicacy  of  detective  observations.  The  anomaly  of  this 
behaviour  on  the  part  of  carbon  is  glaring.  Its  specific 
lightness  ought  to  carry  it  to  altitudes  far  beyond  those 
attained  by  titanium  and  calcium.  Yet  it  lies  sunken  almost 
out  of  sight,  while  they  float  manifestly  aloft.  Some  other 
sorting-out  influence  besides  that  of  gravity  palpably  comes 
into  play  in  the  chromosphere  and  prominences.  The 
possession  by  the  sun  of  a  carbon-cnvelopc,  which,  although 
thin    visually,    must   really   be    at  least    500,    anil    may   \w>\\ 

1   The  Indimn  JSciifm,  p.  70.  ■  A*roph.  Journ.  vol.  xl  p.  3 13. 

»  Ibid.  p.  1«5.  *  Ibid,  rat  vi  |u  ayl 

1  Ibid.  vol.  x.  pp.  112.  287. 
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be  1000  miles  in  depth,  has  an  important  bitting  upon  the 
Tcxed  question  of  photospheric  constitution,  and  tends  to 
strengthen  a  Iwely  indicated  analogy  between  the  eun  and  a 
peculiar  cIosb  of  red  stars. 

The  chromospheric  spectrum,  when  its  adi'etiliticuH  elements 
■re  reckoned  in,  is  highly  complex.  During  a  few  weeks  of 
1872.  Professor  Young,  by  vigilant  watching,  determined 
273  hues  seen,  in  the  clear  air  of  the  Rotkv  rfffUlltlhU.  to 
flash  out  intermittently,  one  by  one,  or  in  companies  together. 
And  this  first  systematic  enumeration  was  subsequently 
greatly  extended  by  its  author,  while  crowds  of  ultra-violet 
lines  have  I  icon  added  by  the  photographic  investigations  of 
Hale,  Dealandres,  Evorshad,  and  others.  For  the  moat  part 
the  rays  brightened  in  eruptions  are  reversals  of  Fraunhofer 
line*,  pieked  out  largely  at  haphazard,  yet  with  an  obvious 
preference,  expressly  noted  by  Sir  Norman  liickyer,  for  such 
as  arc  vivified  when  the  higher  excitement  of  the  spark  is 
substituted  for  the  arc  in  laboratory  experiments.  This  has 
been  taken  to  imply  that  the  chromospheric  is  essentially  a 
high-tmnjierature  x|*<rt.ri!in  ,  Imt  I  hornets  may  I  to  differently 
interpreted. 

Among  the  elements  most  apt  to  shine  evanescently  in 
metallic  prominences  are  sodium,  magnesium,  "  green  "  helium, 
barium,  iron,  vanadium,  and  strontium.  Gigantic  ragged 
forms,  especially  when  they  appear  in  high  latitudes,  are  of 
relatively  simple  chemical  composition ;  or  it  may  be  that  their 
condition  favours  the  visibility  of  only  the  most  persistent 
radiations.  Small  compact  prominences  yield,  at  any  rate, 
much  richer  harvests  to  gleaners  of  spectroscopic  novelties. 
A  specimen  of  this  class  was  observed  by  Father  Sidgreaves, 
10th  September  189 1.1  It  presented  the  aspect  of  "four 
blow -pipe  jets  intensely  bright  at  the  bends,"  was  16,000 
miles  high,  and  lasted  only  an  hour.  Twenty-six  brilliant 
lines  were  counted  in  the  visual  part  of  its  spectrum,  the 
invisible  part,  in  the  absence  of  suitable  appliances,  remaining 
unrecorded.  The  shape  of  this  flame  was  equally  well  defined 
in  hoth  the  red  rays  of  helium,  and  a  appeared  nearly  the  same 
in  sodium  and  magnesium.  The  spectral  peculiarities  of  such 
objects,   however,  are   most   marked  in    the   ultra-violet.     A 

1    Aitr.  and  A$trirphy*ic*t  vol.  xi.  p.  CS. 
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photograph  taken  at  the  Kenwood  Observatory,  1  5th  October 
1892,  registered,  from  an  undistinguished  prominence,  no  less 
than  seventy-four  bright  lines  between  the  wave-lengths  3970 
and  3630,1  most  of  them  being  of  unknown  origin.  But 
since  then  it  has  become  possible  to  identify  a  dozen  and 
upwards  with  rays  measured  in  the  spectra  of  krypton  and 
xenon  by  Professors  Liveing  and  Dewar ; *  and  the  circum- 
stance seems  to  associate  those  scarce  atmospheric  gases  with 
helium  as  chromospheric  constituent*. 

Occasionally,  under  circumstances  not  yet  defined  or 
understood,  prominences  emit  continuous  light  The  sheeny 
white  objects  sometimes  seen  under  cover  of  the  moon's 
shadow  owe  their  peculiarity  to  this  cause.  The  whole  gamut 
Off  ]>rismatic  radiance  is  derived  from  them,  with  the  addition 
of  bright  H  and  K  and  a  suspicion  of  hydrogen  lines.  Thus 
they  are  essentially  calcium-forms  interpenetrated  with  glowing 
dust.  Their  light  is  probably  original.  If  it  were  reflected, 
traces  of  Fraunhofer- absorption  which  seem  to  be  missing 
should  be  perceptible.  Distinctively  "  white  "  prominences 
are  not  common ;  none  were  observed  during  the  totality 
of  '28th  May  1900.  But  "red"  prominences  differ  consider- 
ably in  colour-intensity,  all  the  ruddy  shades,  from  deep  ruby 
to  pale  pink,  being  represented  in  them.  Many  perhaps 
consist  of  a  crimson  core  veiled  in  almost  colourless  material. 
Certainly  all  are  not  equally  well  seen  in  and  out  of  eclipse. 
From  a  comparison  of  drawings  made  during  the  totality  of 
1870  with  his  own  simultaneous  daylight  observations, 
Tocchini  inferred  that  the  spectroscope  disclosed  only  the 
cores  of  rlamo  in  suoh  objects  ;a  and  the  experience  was  repeated 
on  the  occasion  of  the  Egyptian  eclipse  of  17th  May  1882. 
The  four  prominences  then  measured  were  of  a  rosy  tint, 
lightening  towards  the  margins,  which  looked  as  if  ediiitl  with 
a  lustrous  fillet.  "  These  results,"  Professor  Hale  writes, 
"  may  be  accepted  as  establishing  an  important  difference 
between  the  spectroscopic  and  eclipse-images  of  prominences." 
Nevertheless  the  difference  is  not  constantly  present.  Some 
chromospheric  forms  are  identical,  \*iewed  prismatically  at  the 

1  Aatr,  md  A drophytic*,  ToL  xi.  r*  821- 

•  /"roc  Kvyal  Society,  vol.  L&VUL  p.  3M. 

•  Stt  ft  rftluftblo  diicuasiun  by  Idle,  AXrojJi.  Jour*,  rol.  Hi.  pp.  S74-M7. 
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of  the  sua,  or  directly  in  the  dark  beside  the  occulting 
These  ore,  of  course,  purely  gaseous ;  the  others  pre- 
sumably give  a  mixture  of  continuous  and  discontinuous  light. 

A  very  curious  feature  of  the  prominence-spectrum  was 
ascertained  by  Mr.  Evershed  during  the  eclipse  of  1898.1 
It  beconu*  continuous  in  the  extreme  ultra-violet.  The  range 
of  unbroken  radiance  begins  abruptly  just  where  the  hydrogen 
series  ends  (near  X  3668),  and  extends  to  the  limit  of  the 
plate's  sensitiveness.  Not  oven  a  guess  can  be  hazarded  at 
the  physical  condition  underlying  this  radiative  vagary.  A 
different  cause  must  be  ascribed  to  certain  local  outbursts  of 
whit©  light  in  eruptive  prominences.1  This  symptom  of 
disturbance  lias  been  interpreted  by  Professor  Hale  as  follows. 
"  Objects  of  the  kind,"  he  says,8  ■  are  closely  related  to  faculaa, 
and  probably  rise  from  them.  It  thus  occasionally  happens 
that  a  violent  eruption  carries  some  of  the  white-hot  particles 
to  a  considerable  distance  above  the  photosphere.  In  such  a 
case  the  prominence  gives  a  continuous  spectrum  in  addition 
to  its  bright  lines/*  The  explanation  may  pass  muster,  since 
no  better  has  been  offered. 

M.  Deslandres  succeeded  in  showing,  early  in  1892/  that 
the  sun  may,  in  a  restricted  sense,  be  designated  a  "bright 
line  star  " — that  is  to  say,  he  elicited  from  the  aggregate  of 
its  light  evidence  of  gaseous  emissions.  Treating  the  sun  as 
a  star  by  admitting  into  his  spectrograph^  apparatus  the 
whole  of  its  rays  simultaneously,  he  obtained  vivid  reversals 
of  the  violet  calcium  lines.  But  this  is  only  possible  when 
the  calcium  flames  crowning  faculse  are  widely  and  strongly 
developed.  Ordinarily  their  emissions  are  drowned  in  the 
surging  flood  of  continuous  radiance.  But  facular  maxima 
recur,  coincidently  with  spot-maxima,  once  in  about  eleven 
years ;  so  that  the  periodicity  of  the  sun  might  conceivably  be 
determined  by  this  one  feature  at  distances  obliterative  of  all 
other  signs  of  disturbance  Not  that  the  sun  viewed,  say, 
from  Sirius,  could  with  our  actual  appliances  be  detected,  even 

1    Phil.   Tram.  vol.  exevii.  A,  p.  899. 

*  Attr.  and  Aitrophytics,  vol.  li.  p.  431  ;  CompUs  Rendu;  17th  Aug.  1891 
(Finyi). 

1  AMr.  and  Ail rnphy sirs,  vol.   xiii.  p.  119. 

•  Compte*    Rendu*,    JSlli    July    1892;     KnouUilgc,    vol.    xvi.    p.    140   (A.    M. 
Clerke). 
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at  culminating  epochs  of  agitation,  as  a  bright -line  star. 
Some  of  hifl  fellow -stars,  however,  may  be  in  a  greatly 
enhanced  stage  of  his  condition,  and  we  may  learn  to  follow 
their  vicissitudes  by  spectrographic  observations  of  the 
alternate  glimmering  and  fading  of  fine  rays  projected 
upon  the  deep  shadow  of  their  calcium-absorption.  Thus 
the  means  may  be  afforded  of  ascertaining  the  flow  of  change 
in  remote  and  gigantic  orbs ;  and  we  shall  perhaps  in  the 
future  be  better  acquainted  with  the  cyclical  peculiarities 
of  Capella  or  Arcturus  than  with  those  of  our  own  "  particular 
star." 


CHAl'TEK   XI. 

TIIK    COUONJ. 

tn  corona  in  ndanivelj  an  eclipse  phenomenon.  No  sooner 
is  totality  established  than  it  U  there.  It  seems  to  have 
emerged  from  nothingness,  to  have  arrived  from  nowhere.  1 1 
starts  into  view  with  the  ubrupliiexs.  the  inexplicabluness,  of 
an  apparition.  "  The  sun."  Professor  Laugh.*)*  saj».  rocordiug 
his  impressioDa  of  the  eclipse  of  1869,  "  went  oat  as  suddenly 
as  a  blown-out  gas-jet,  and  I  became  aa  suddenly  aware  tl  i 
all  around  whore  it  hud  been,  there  had  been  growing  in' 
vision  a  kind  of  ghostly  radiance,  composed  of  separate 
l**irlY  bcaiufc,  looking  distinct  each  from  each,  as  though  the 
black  circle  where  the  sun  once  was  bristled  with  j»al«- 
stmimers  stretching  tar  away  from  it  in  a  sort  of  crown."  ! 

The  corona  presents  various  aspects,  but  it  may  always 
be  described  as  composed  of  extended  streamers  springing  from 
a  much  more  intensely  luminous  ring,  the  so-called  "  inner 
corona."  There  is  no  real  separation ;  the  entire  appendage  is 
evidently  framed  on  the  same  constructive  principle;  yet  the 
distinction  is  obvious  visually,  and  convenient  descriptively. 
"  I  do  not  know/'  Mr.  Francis  Gal  ton  wrote  of  the  corona 
visible  18th  July  1860,  "to  what  I  can  justly  compare  that 
magnificent  meteor.  It  differed  from  other  objects  in  the 
remarkable  whiteness  and  purity  of  its  light,  and  also  in  the 
definition  of  its  shape  as  combined  with  a  peculiar  tenderness 
of  outline." 2  Both  he  and  Winnecke  noticed  the  curvature  of 
some  "  long  arms  of  light "  protruding  from  the  ring,  while 
other  rays  took  "a  more  or  less  tangential  direction."     Madler 

1    Th*  .\'ev>  Astronomy,  p.  40. 

1  Memoir*-  Royal  Attr.  Society,  toI.  xii.  p.  663  (fUuyanl). 
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was  struck  with  the  determinate  nets  of  the  formation.  What 
he  saw  was  no  vague  light-effusion,  but  a  congeries  of  sharply 
terminated  beamy  sheaves.  This  is  a  radical  characteristic. 
The  solar  corona  is  a  texture  of  significant  pattern.  There  is 
indeed  much  difficulty  in  laying  bare  the  original  design.  A 
spherical  agglomeration  projected  on  a  plane  gives  rise  to 
intricate  effects  of  perspective,  from  which  the  true  relations 
in  solid  space  of  the  objects  originating  them  can  be  deduced 
only  by  careful  and  systematic  interpretation  on  strict 
geometrical  principles.  The  problem  was  attacked  by  Professor 
Sehaeberle '  with  the  help  of  an  ingeniously  contrived  model, 
photographs  of  which  showed  divergent  rods  inserted  over 
the  surface  of  a  globe  as  apparently  intercrossing  and 
interlacing  in  the  flat  picture  imprinted  on  the  plates. 
It  is,  however,  well  to  remember  that,  while  curved  rays 
may  be  projected  so  as  to  seem  straight,  straight  rays  can 
uever  appear  curved.  Beams  that  show  flexure  are  in- 
flected. Nor  can  a  semblance  of  double  curvature  be  given 
by  i»erspeetiv6  to  those  lient  simply  in  one  direction ;  more- 
over, rays  that  are  actually  normal  to  the  sun's  surface  must, 
from  all  points  of  view,  appear  radial  to  the  limb." 

Coronal  structure  is  of  immense  variety.  It  is  intrinsic- 
ally of  a  radiated  character,  and  the  fact  is  of  primary 
importance.  There  are  no  signs  of  concentric  arrangement ; a 
coronal  materials  do  not  form  shells  or  envelopes,  such  as 
surround  the  heads  of  coinete;  they  are,  on  the  contrary, 
drawn  out  into  fibres  by  forces  acting  upon  them  in  minute 
detail.  Comparisons  to  spuu  glass  and  to  silken  filaments 
indicate  the  delicate  nature  of  the  shining  tissue  spread  round  the 
obscured  sun.  There  are  indeed  differences.  The  fibres  some- 
tunes,  as  in  the  corona  of  22nd  December  1870,  look  to  have 
been  "  combed  out,"  but  more  or  less  of  derangement  is  usually 
prevalent.  Tangled  hanks  of  thread  are  often  suggested,  or 
"  masses  of  luminous  hair  in  disorder."  *  These  contorted  forms, 
iilthough  their  complexity  is  doubtless  augmented  by  the  super- 
position of  sundiy  groups  of  twisted  rays  presented  at  different 

1  /VWtoUiOTu  Paey/it  Society,  vol.  li.  p.  «S. 

1  Vrmotrs  Royal  Aitr.  Society,  foI.  iU.  p.  068. 

3  Ranrud,  ibid.  p.  S52. 

■   Ibid.  p.  S8»  (Pope  Hcddbmjt). 
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•Ogles,  afford  remarkable  evidence  of  disturbance  within  tin* 
corona  itself.  Their  photographic  registration  datee  from  khfl 
Sumutra  eclipse  of  18th  May  1901.  On  plates  there  taken  with 
the  Lick  forty-foot  telescope,  and  by  Mm.  Maunder  at  Mauritius, 
a  tumultuous  area,  agitated  as  if  by  the  effects  of  on  explosion, 
was  strikingly  depicted.  "  A  long  thread-like  prominence 
appeared/'  it  was  stated,  "  to  emanate  from  the  same  source." ' 

Fleecy  coronal  tracts  are  at  times  intermixed  with  regions 
of  striation.  The  corona  of  1868  was  perceived  at  Masuli- 
potam  to  be  "slightly  mottled"  near  the  sun,  and  the 
"  curdled  "  aspect  of  the  great  nebula  in  Orion  has  often  been 
recalled  to  telescopic  observers.  Sir  Norman  Lockyer,  at 
Baikul,  12th  December  1871, was  struck  with  an  "exquisite" 
and  "  strongly-developed  structure."  H I  at  once"  he  con- 
tinued, "  exclaimed  '  like  Orion  1 '  Thousands  of  interlacing 
ii laments  varying  in  intensity  were  visible  ;  in  fact,  I  saw 
an  extension  of  the  prominence-structure  in  cooler  material."  * 
It  may  U;  remarked  that  nebular  tufts,  no  lews  than  prominence 
jeU,  are  resolvable  into  fibres  under  the  best  conditions  of 
seeing.  The  aureola  of  1871  was  of  such  incomparable  beauty 
that  M.  Janssen  could  scarcely  rouse  himself  from  its  delighted 
contemplation  to  carry  out  his  programme  of  work.  .Numer- 
ous coral  red  prominences  were  relieved  against  the  "  velvet 
white  "  of  the  corona,  the  exterior  shape  of  which  was  rudely 
quadrilateral  Interiorly  the  streamers  leaned  together  in 
pairs  so  as  to  imitate  flower  petals,  the  general  effect  resem- 
bling that  of  a  gigantic  lucid  dahlia,  with  the  black  moon  for 
its  heart 

Again  and  again,  in  descriptions  of  successive  coronas,  the 
Orion-similitude  recurs.  In  the  "density,  brightness,  and 
species  of  its  light,"  that  of  1st  January  1889  strongly 
reminded  a  Nevada  State  observer  of  the  nebula,  and  its 
slightly  greenish  tinge  of  colour  completed  the  likeness.1 
Again,  in  examining  the  coronal  photographs  of  9th  August 
1896,  Mr.  W.  H.  Wesley  detected  an  area  "broken  up  by 
dark  channels  into  flocculent-looking  masses,  giving  to  it 
somewhat  of   the  curdled  appearance  of   some  parts  of  the 

1    iVmnc.  Lid  Bulletin,  No.  0. 

'-'  Ranyvd,  Memoir*  Royal  Aitr.  Society,  toL  xli.  p.  M7. 

*  Lick  Reports,  p.  103. 
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nabob  in  Orion."  '  The  similarity  is  not  merely  superficial. 
Laborious  photographic  comparisons  by  Mr.  Raoyard  (assisted 
by  Mr.  Wesley)  emphasised  the  organic  analogy  between  the 
great  nebula  and  the  solar  corona.''  Synclinal  forms  (as  the 
petal-shaped  structures  are  called)  emerge  in  both,  and  the 
branching  effusions  round  the  trapezium  seem  to  mimic  details 
Legible  in  many  eclipse-pictures. 

A  chain  of  "pearly  cones"  furrowed  spirally,  200,000 
to  300,000  miles  in  height,  and  rising  above  a  long  bank 
of  red  prominences,  were  perceived  by  Professor  Cleveland 
Abbe  in  the  corona  of  1869.  And  in  1893  the  sun 
appears  to  have  been  fringed  in  this  manner  nearly  all 
round,  the  individual  peaks  being  projected  together  into 
such  close  array  as  to  be  in  many  places  undiscernable  apart. 
"  Systems  of  (approximately)  concentric  arches "  were  also 
distinguished  by  Professor  Schaeberle  in  his  large-scale  photo- 
graphs of  the  same  eclipse.* 

Inverted  shapes  are  also,  though  less  commonly,  met  with. 
Paraboloids,  convex  towards  the  limb,  now  and  then  replace 
arcs  and  cones  based  upon  it.  A  curious  instance  was  afforded 
by  Schaeberle's  "coronal  comet"  of  16th  April  1893.*  This 
object  seemed  as  if  spitted  upon  a  slender,  solitary,  nearly 
radial  streamer,  from  which  it  had  evidently  developed.  It 
was  not  the  only  specimen  of  ita  class.  A  well-known  draw- 
ing by  Liais  of  the  corona  of  7th  September  1858  shows  an 
immense  double  paraboloid  lying  behind  and  partly  hidden 
by  a  ■  dahlia  petaL"  The  vertex  seemed  to  be  just  at  the 
limb.  A  somewhat  similar  dusky  arc  was  seen  by  Winnecke 
in  the  coronu  of  1860. *  It  looked,  he  said,  like  n  tracing  in 
sepia.  Again,  during  the  eclipse  of  1868,  a  bright  parabolic 
outline,  "  with  its  vertex  towards  the  sun,"  was  noted  by 
Weiss.  Finally,  Homer  Lane  observed  at  Des  Moines,  Iowa, 
7th  August  1869,  two  condensations  of  light  which  "might 
well  be  compared  to  small  telescopic  comets,  with  tails  of 
some  length,  but  without  a  head,  and  with  no  distinct  indica- 
tion of  a  head  at  one  end  rather  than  the  other.  They 
were  not  far  from  radial  in  direction  relatively  to  the  sun's 

1  Phil  Tram*,  ml.  rxr.  p.  204.  •  Knowlatg*,  vol.  xil  p.  145,  188*. 

*  Report  on  Ihs  h>U}*t,  \>.  K«.  '  Ibid,  p.  100  ;  ObunxUary,  yoI.  xrii.  p  350. 

»  J/vMofoi  4«ut.  Jt  St.  Pasrwhtnay,  t  iv.  p.  38,  18*2. 
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centre,  and  had  their  origin  above  the  limb  of  the  touuii."  ' 
H  -  estimated  the  length  of  each  at  about  130."  These 
appearances  are  full  of  meaning.  They  plainly  assert  the 
subjection  of  coronal  matter  to  a  dual  repulsion,  such  as  acts 
apon  the  "crystal  tresses"  of  comets.  A  local  centre  of 
condensation  throws  off  a  lilmy  envelope,  the  constituent 
particles  of  which,  as  they  approach  the  sun,  are  swept  back- 
ward into  a  train  by  u  counter  influence  proceeding  from  him. 
The  only  genuine  "  eclipse  comet "  so  far  captured  was  that 
seen  and  photographed  at  Sohag.  17th  May  1882.  It  was 
sharply  characterised  as  such,  the  effects  of  swift  motion 
being  unmistakably  impressed  upon  its  curved  plumage. 

An  eclipse,  visible  in  the  Western  States  of  North  America, 
29th  July  1878,  disclosed  a  surprising  spectacle.  In  lieu  of 
the  ordinary  radiated  corona  there  were  seen  "  bristles  "  of  light 
At  the  sun's  poles,  enormous"  wings" at  each  side  of  the  equator. 
Professor  Langloy  observed  tho  phenomenon  from  the  Bummit 
of  Pike's  Peak  in  Colorado,  at  an  elevation  of  14,000  feet  in 
a  stainless  sky.  Thus  favourably  circumstanced,  he  was  able  to 
trace  one  wide  beam  to  a  distance  of  ubout  five  millions  of 
miles  from  the  sun,  the  other  fully  twice  as  far.*  The  <lii'  lioi  in 
which  they  lay  proved,  when  carefully  measured,  to  agree  closely 
with  that  of  the  zodiacal  light,  and  "  a  faint  central  rib " 
emphasised  the  coincidence.  "  With  the  telescope,"  he  says, 
"  the  whole  of  the  bright  inner  light  close  to  the  sun  was 
found  to  be  made  up  of  filaments,  more  definite  even  than 
those  seen  in  sun-spots,"  and  apparently  exempt  from  the 
effects  of  spherical  projection ;  they  "  fringed  tho  sun's  edge 
in  definite  outline,  as  though  it  were  really  but  a  disc" 

At  the  time  of  this  eclipse,  the  sun  was  in  a  state  of 
exceptional  tranquillity,  and  a  search  through  the  solar 
archives  brought  out  the  notable  fact  that  a  similar  apparition 
had,  eleven  years  previously,  spots  then  too  being  nearly 
extinct,  been  described  and  depicted  by  Grosch  of  Santiago. 
He  inferred  from  it  the  possession  by  the  sun  of  "strong  mag- 
netic polarity."  And  indeed  the  divergent  light-fibres  at 
the  poles,  in  1867  no  less  than  in  1878,  seemed  to  trace 
precisely  the  lines  of  force   in  a   magnetic  field.     The  con- 

'   Mrmoirt  Royal  A»tr.  Society,  toL   iii.  p.  502. 
1  The  Se\o  JMronomy,  p.  55. 
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currenoe  of  these  phenomena  with  critical  epochs  in  the 
sun's  activity  started  the  idea,  due,  in  the  first  instance,  to 
Mr.  Ranyard,1  of  varying  coronal  types.  It  was  amply  borne 
out  by  subsequent  experience.  From  eclipse  to  eclipse, 
throughout  the  eleven-year  cycle,  the  corona  exhibits  changes 
of  form  in  marked  conformity  to  spot-vicissitudes.  In  the 
accompanying  plate,  the  original  of  which  is  by  M.  Hansky, 
the  coronas  of  1860,  1870,  1883,  and  1893,  all  of  pro- 
nounced maximum  type,  are  represented  in  the  first 
column;  those  of  1867,  1878,  and  1889  in  the  third  The 
second  and  fourth  show  coronas  of  intermediate  forma.  The 
last  figure  in  the  third  column  has  a  prophetic  character.  It 
shows  M.  Hansky's  anticipation  of  the  kind  of  halo  due,  on  the 
theory  of  recurring  types,  in  1900.  What  was  actually  photo- 
graphed is  given  for  comparison  in  Plate  VI.,  Fig.  1.  The 
correspondence  leaps  to  the  eye.  A  definite  law  of  variation 
indeed  quite  obviously  regulates  the  shape  of  the  effluence 
aboutT"the  sun.  At  spot-maxima  its  component  streamers 
issue  from  all  latitudes  indiscriminately ;  they  pay  little  or 
no  regard  to  heliogruphic  co-ordinates.  Then,  as  disturbance 
relaxes,  they  gradually  draw  away  from  the  poles,  and  tend 
to  form  "  synclinals "  above  the  spot  -  zones,  giving  to  the 
whole  appendage  the  "  form  of  a  four-rayed  star,  the  points 
of  which  are  inclined  45*  to  the  sun's  axis."*  In  the  polar 
regions  abandoned  by  them,  "  magnetic  "  filaments  meanwhile 
become  noticeable,  and  what  may  be  called  the  intermediate 
type  is  constituted.  It  is  subject,  however,  to  indefinite 
variations  of  detail.  A  good  example  is  shown  in  Plate  VII., 
Fig.  l.from  photographs  tak^n  on  the  Amur,  9th  August  1896, 
by  a  Russian  party  under  the  leadership  of  M.  B^lopolaky. 

One  ray,  it  will  be  noticed,  is  greatly  longer  than  the 
others,  and  the  same  peculiarity  distinguished  the  corona  of 
1898.  Only  when  the  tide  of  solar  agitation  is  dead  out,  is 
the  finished  type  of  minimum  aureola  realised.  We  have 
then  a  symmetrical  arrangement  of  crested  poles  and  equatorial 
extensions,  with  this  one  singular  qualification  to  its  symmetry, 
that  the  wings  are  not  a  pair.  One  is  formed  of  convergent,  the 
other  of  parallel,  or  even  divergent  raya     And  they  seem  to  be 

1   Mtinciri  Rvynl  Atlr,  Sm-Wy,  *©L  xlri  p.  23«. 
I    Vming,   Th4  Sun,  [i.  2«4. 
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reversed  east  and  west  at  alternate  epochs.  Both  are  radically 
double ;  they  are  formed  by  the  dosing  down  upon  the 
equator,  aa  spot-activity  become  i*xh;uiated,  oi  the  synclinal 
groups  previously  visible  in  middle  latitudes.  It  is  difficult 
to  realise  that  these  "  wings  *'  are  merely  the  profile-shapes  oi 
a  vast  luminous  disc  completely  encompassing  the  sun.  Hence 
an  extreme  intricacy  of  structural  details  most  bufUiug  to 
efforts  towards  interpretation. 

Coronal  modifications  arc  not  so  entirely  isolated  as  might 
at  first  night  ap]>ear.  I-ooked  at  more  closely,  they  are 
perceived  to  correspond  unmistakably  with  the  cyclical 
change*  hi  distribution  of  surface  disturbances.  This  was 
insisted  upon  by  M.  Belopolsky  in  1897.'  Spots  descend 
into  lower  latitudes  with  the  approach  of  each  minimum 
One  after  the  other,  the  eleven-year  wave*  of  commotion 
attain  their  acme  in  medium  zones,  and  die  out  near  the 
equator.  Coronal  drvdopunutt  puraui**  the  suim*  course.  Its 
most  intimate  relations,  however,  are  with  chromospheric 
eruptions.  Tacchini1  was  the  first  t"  notice  that  coronal 
outflows  emanate  from  regions  frequented  by  prominences, 
which  at  times  of  maximum  spread  all  over  the  sun,  but  near 
minimum  withdraw  Jnmi  the  extensive  polar  tracts  Biiummiie- 

ously  denuded  of  far-spreading  streamers.  Particular  agree- 
ment frequently  accentuates  this  general  correspondence. 
Thus  the  springing  of  a  coronal  arch  has  usually  a  prominence 
for  its  motive.  Each  pearly  pavilion  is  erected  over  a  red 
flame.  Coincidences  of  the  kind  are  of  perpetual  occurrence. 
Chromosphcric  jets  seemed  (and  doubtless  were)  appropriated 
individually  to  the  "  striated  cones "  observed  by  Cleveland 
Abbe  in  1869.  In  Schaeberle's  fine  photographs  of  the 
eclipse  visible  in  South  America  16th  April  1893,  one-sixth 
of  the  sun's  circumference  came  out  clear  of  prominences ;  and 
just  over  the  same  segment  there  is  a  gap  in  the  elsewhere  un- 
broken range  of  coronal  arches.8  In  some  cases  arches  are 
buttressed  upon  prominences;  in  others  they  are  symmetrical 
as  regards  them  ;  coronal  streamers  appear  to  be  vaulted  into 
domes,    or    hvnt    together    into    ogives,    through    effects    of 

1    Hull,  d*  CAcad.  dr  SL  iVUnboury,  t  »L  p.  2S6. 

3  AUitUW  Accatl.  dei  Lineei,  1889,  p.  7M. 

:  Sch*4;berltf,  HsjK/rt  on  (A/  Eciijm  of  WtK  April  1893,  p|k  92-98. 
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eruptive  action  in  the  chromosphere.  These  relations  were 
especially  marked  in  the  corona  of  1896.  The  wide  polar 
rifts  were  devoid  of  prominences,  but  a  prominence  lay  at  the 
root  of  each  great  streamer,  and  u  prominence  was  enclosed 
by  each  synclinal  structure.  These  M.  Hansky  inferred, 
from  their  interior  darkness,  to  be  hollow,1  like  the  tails  of 
certain  comets ;  and  he  noticed  curious  effects  of  coronal 
transparency,  a  few  beams  showing  traceably  through  the 
suletance  of  those  in  front  of  them.  The  correlation  of 
prominences  with  coronal  forms  was  somewhat  less  conspicuous 
in  L898  than  in  1896,  and  was  barely  perceptible  in  1900. 
The  Lick  photographs  of  190  1,  however,  showed  the  envelop- 
ment of  a  prominence  by  a  "  series  of  coronal  hoods,"  besides 
other  symptoms  of  community  in  disturbance  between  the 
chromosphere  and  the  silvery  aureola. 

The  more  closely  the  spectrum  of  the  corona  is  studied, 
the  more  interesting  and  enigmatical  it  becomes.  It  has  a 
triple  origin.  Continuous  reflected  light  is  mixed  up  in  it 
with  continuous  original  light,  and  these  again  with  bright- 
line  emissions.  The  three  elements  are  not  easily  separated, 
and  the  proportions  of  them  present  vary  from  time  to  time. 
The  gaseous  spectrum  is  feeble,  especially  near  spot  minima. 
Its  leading  constituent  is  a  green  line  at  X  5303,  long 
confounded  with  the  chromospheric  X  5317-  Their  dis- 
connection first  became  apparent  in  Mr.  Fowler's  eclipse 
photographs  of  22nd  January  1898,  and  was  announced  by 
Sir  Norman  Lockyer'J  as  one  result  of  their  examination. 
The  green  line  characterises  the  unknown  substance  desig- 
nated "  coronium,"  the  distribution  of  which  round  the  sun  can 
be  investigated  by  its  means.  Photographs  taken  during 
totalities  with  the  "  prismatic  camera  "  give  separate  images  of 
the  solar  appendages  in  each  quality  of  discontinuous  light 
emitted  by  them,  and  the  "  green  "  coronal  image  proves  to  be 
approximately  ring-sliaped.  The  gas  it  is  derived  from  seems 
to  spread  through  the  "  inner  corona"  to  an  average  height  of 
from  160,000  to  200.000  miles,  but  not  to  extend  into  the 
sheaves  and  streamers  beyond.  There  are  indeed  irregularities. 
The  fliinulus  of  coronium  is  far  from  being  uniform  or  homo- 

1   Bull,  dt  VJead.  iU  SL  PdUrsboury,  t.  ri.  p.  'J58,  18»7. 
*  Nattirt,  vol.  lw.  p.  529. 
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geneous.  It  is  wider,  perbups  also  more  condensed,  in  some 
places  than  in  others,  and  spectrograms  taken  with  a  slit  by 
Professor  Campbell  at  Jeur  suggested,  by  the  distortions  of 
the  characteristic  ray  impressed  upon  them,  the  progress  of 
radial  movements,  such  as  might  well  be  deemed  inevitable  in 
an  aerial  envelope  obviously  not  in  a  slate  of  equilibrium  ' 

Ten  or  a  dozen  coronal  lines  besides  the  green  ray  have 
been  photographed.  The  wave-lengths  of  the  moat  authentic- 
ally recorded  are  an  follows:  4232,  4086.  3987,  3801.  364:!. 
3466.  3388.  and  3381.  No  success  has  hitherto  attended  effort* 
to  arrange  them  in  a  series ;  nor  is  it  by  any  means  certain 
that  all  claim  the  same  chemical  origin.  On  the  contrary,  the 
ruiiiLtinenlal  green  line,  together  with  the  moxi  refrangible  <>f 
those  above  enumerated,  appears  capable  of  segregation  from  the 
violet  ray  \  398  7  and  the  first  threeof  its  ultra- visible  associates.' 
Two  strange  gases  then,  at  any  rate,  are  indicated  as  co-exist- 
ing in  the  corona.  And  they  are  unmixed  with  any  familiar 
tubKt&noe.  Evidence  collected  during  recent  eclipses  testifies 
strongly  to  the  abscuiv  of  all  the  chromospheric  materials. 
Not  even  the  pervasive  trio,  hydrogen,  helium,  and  calcium, 
extend  into  the  vast  solar  halo.  Some  of  their  radiations, 
notably  H  and  K,  have  tteem<d  to  be  derived  from  it,  but  only 
through  the  effects  of  atmospheric  scattering.  They  come  as 
well  from  the  black  disc  of  the  moon.  Probably  only  some 
peculiar  forms  of  matter,  or  forms  of  matter  in  a  peculiar 
state,  constitute  the  gaseous  corona.  So  far  corouium  has  not 
been  recognised  elsewhere. 

The  continuous  light  from  the  interior  halo  is  mainly 
original.  It  emanates  from  incandescent  solid  or  liquid  particles. 
But  their  incandescence  appears  to  be  of  an  unusual  kind.  Bolo- 
metric  experiments,  carried  out  by  Messrs.  Abbot  and  Menden- 
hall  of  the  Smithsonian  Observatory  during  the  eclipse  of 
1900/  showed  the  coronal  beams  to  be  almost  wholly  wanting 
in  thermal  power.  Compared  with  them  moonlight  is  a 
potent  source  of  heat.  They  include,  according  to  the  results 
in  question,  next  to  no  infra-red  waves,  and  are  surmised  to 
be  comparable  in  quality  to  the  glow  of  phosphorescent  or 
luminescent   sultstanees.       Novel   inquiries  in    the  laboratory 

1  AaCruph.  Journ.  roL  X.  p.  190. 
:  8.  J.  Brown,  Atlropk.  Journ.  vol.  xii.  p.  63.  3  /bid.  p.  73. 
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will  be  needed  to  ratify  these  significant  conjectures ; 
while  it  ia  to  bo  hoped  that  the  eclipse  of  1904  will  afford 
some  positive  data  as  to  the  distrihution  of  energy  in  the 
coronal  spectrum,  which  may  serve  as  a  basis  both  for  photo- 
graphic investigations  and  for  theoretical  conclusions. 

Pbotospheric  light  mvsi  bo  reflected  from  the  pulverulent 
materials  of  the  corona,  and  a  reflected  ingredient  is,  accord- 
ingly, contained  in  its  radiance  It  is,  however,  small  in 
quantity.  Thus  the  dark  Frauuhofer  lines  are  barely  dis- 
tinguishable in  it.  They  were  detected  by  Janssen  in  1871  ; 
fifteen  were  photographed  by  Pluvincl  at  Senegal  in  1893. ' 
On  the  same  occasion,  nevertheless,  Deslandrea  could  obtain  no 
trace  of  them,  and  Campbell  was  equally  unsuccessful  in  1898.2 
The  truth  is  that  where  the  original  emissions  are  strong  they 
get  drowntd  out.  They  show,  and  that  with  difficulty,  only 
in  the  less  luminous  sections  of  the  appendage.  This  was 
made  perfectly  obvious  by  Mr.  Perrino's  discussion  of  the 
plates  taken  in  Sumatra,  upon  which  thirty-five  Fraunhofer- 
lines  impressed  themselves,  but  only  in  regions  remote  from 
the  limb.  Polarisation-effects  give  accordant  testimony.1 
They  are  slight  but  unmistakable,  and  plainly  indicate  the 
action  of  scattering  particles  right  up  to  the  limb.  Some 
hints  ae  to  the  manner  of  their  distribution  were  obtained  by 
Professor  Turner  in  1898,  and  again  in  1900,  through  the 
ingenious  device  of  photographing  the  corona  across  a  plate 
of  Iceland  spar,  and  so  obtaining  two  pictures  in  oppositely 
polarised  light.4 

Much  remains  to  be  learned  about  the  nature  of  coronal 
radiance,  and  the  opportunities  for  its  investigation  are 
restricted  and  unsatisfactory.  Yet  npon  their  outcome  success 
in  coronal  portraiture  largely  depends.  Eclipse-photograph  v 
is  an  art  in  itself,  and  one  beset  by  subtle  difficulties.  To 
ensure  the  bost  results,  the  plates  employed  should  have  a 
curve  of  sensitiveness  as  nearly  as  possible  coincident  with  the 
energy-curve  of  the  coronal  mdiationB,  and  the  form  of  the 
latter  is  entirely  unknown.  Many  questions  too  arise  re- 
garding the  quality  of  the  plates,  and  the  development  proper 

1  Frtrtt-Sohpiner,  Adr.  S'j-KtrtMCoj/'t,  p.  192  ;  Comptf*  UrmduM,  t  exvii.  p.  25. 

1  JUropk.  -Wn.  toI.  xi  p.  352.         *  SohonWr,  MontMy  iV^iw,  vol.  «1  p.  85. 

*  OUertMUry,  vol.  xxi.  p.  167- 
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to  bo  given  them,  regarding  the  liest  kind  of  instrument  for 
i-AjMtsinu  them  with,  and,  above  all.  the  length  of  time  that 
should  be  allotted  to  the  process.  And  here  the  olwUcle  is 
encountered  that  no  single  exposure  i*  suitable  to  the  entire 
aureola.  One  long  enough  to  bring  out  the  PtreanturH  is  too 
long  for  the  delicate  details  of  the  brilliant  interior.  The 
choice  has  to  be  made  between  solarisation  and  incompleteness 
of  representation.  Two  remedies  have  been  tned  The  first 
is  by  piecemeal  delineation.  From  photograplis  of  varied 
exposures,  a  picture  showing  the  special  features  rendered  by 
each  in  com pou tided  by  a  skilled  draughtsman.  Itut  it  ha* 
no  longer  an  autographic  vulue ,  the  forms  embodied  in  it 
hare  been  deliberately  selected  and  unconsciously  emphasised. 
■  To  a  certain  extent,"  it  has  been  well  said,'  "  the  same 
personality  enters  into  the  examination  of  a  photograph  that 
in  known  to  exist  in  naked-eye  observations  of  tin-  imon  i  " 
M.  Morin's  drawing  of  the  corona  of  1896  (see  Plate  VII. 
Fig.  1)  i«  a  lint-  example  of  what  can  \*:  done  by  combining 
multiplied  photographic  impressions.  The  two  beat  of  those 
availed  nf  were  taken  with  an  ordinary  camera  in  one  and 
two  seconds  respectively;  the  rest  with  a  photoheliograph, 
getting  exposures  up  to  thirty  seconds.8 

The  alternative  method  is  purely  automatic.  It  was 
invented  and  successfully  applied  by  Professor  C.  Burckhalter 
of  the  Chabot  Observatory,  California,  at  the  eclipse  of 
28th  May  1900.'  In  his  apparatus  a  system  of  revolving 
diaphragms  is  arranged  so  as  to  give  exposures  graduated  to 
correspond  with  distance  from  the  sun.  The  image  being 
progressively  covered  at  successive  short  intervals,  time  is 
allowed  for  the  imprinting  of  faint  coronal  extensions,  while  the 
bright  parts  already  effectively  portrayed  are  shielded  against 
further  prejudicial  action.  The  photograph  "controlled"  in 
this  way  was  a  striking  record,  and  conveyed  some  curious 
intimations  of  perspective  effects  in  the  mutual  overlaying 
of  tufts  and  beams. 

The  outlying  branches  of  the  corona  usually  bahle  the 
perception   of   the   sensitive   plate ;     for  they    merge  into    a 

1    Bnrnham  mid  Sch wberlo.   llrporl  on  Eelijm  of  December  t&89,  p.  38. 

1  BuU.  de  rAetut.  He  St.  P/Unkmry,  t.  it.  p.  275. 

■  Popular  Attrunomy,  to!,  viii.  p.  369. 
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dimly  illuminated  sky-ground,  from  which  they  are,  unless 
by  special  precautions,  chemically  indistinguishable.  The 
most  conspicuous  performance  in  this  direction  was  by 
Mrs.  Maunder  in  1 898.'  "With  a  lens  of  only  l£  inches 
in  aperture,  giving  small  but  intensely  bright  images, 
exposures  were  experimentally  made  of  inordinate  length, 
proportionately  to  the  shortness  of  the  focus.  The  un- 
precedented result  was  achieved  of  photographing  rays  to 
a  distance  of  nearly  seven  solar  diameters  from  the  limb.  Mr. 
Wesley's  drawing   from  the  original  negatives  is  reproduced 
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in  I 'late  VII.  Fig.  2.  Four  long  narrow  divergent  rays  are 
visible  in  it,  each  starting  outward  from  a  synclinal  structure. 
Mr.  and  Mrs.  Maunder  hold  it  probable  that  such  structures 
have  always  real-like  extensions,  needing  only  protracted  photo- 
graphic exposures  to  bring  them  into  view ;  *  but  this  is  more 
than  doubtful. 

A  very  perplexing  appearance  is  that  of  dark  markings  in 
the  coroua.  They  are  not  mere  interspaces  between  brilliant 
rays.  Mr.  Wesley,  who  is  an  expert  in  the  scrutiny  and 
interpretation  of  celestial  photographs,  vouches  for  their 
reality.  Figs.  15  and  16  copy  his  diagrams  of  obscure  streaks 
and  veiniugs  in  the  coronas  of  1871  and  1896.      In  the  first 


I  Th*  Umi  Bclip*,  p.  114. 
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case,  they  cut  right  across  the  lustrous  branches  of  the  halo; 
in  the  second,  they  are  in  obvious  connection  with  prominences. 
Indeed,  black  coronal  and  black  chroinospheric  forma  belong 
undeniably  to  the  same  order  of  effect,  and  cannot  bo  separated 
causally.  They  took  another  shape  in  the  corona  of  1 900. 
Mr.  Wesley's  l>eaiitiful  drawing  from  Mr.  Mnunder's  photo- 
graphs (see  Plau-  VIII.)  shows  rifts  apparently  darker  than  the 
general  background  of  the  sky,  and  hence  of  a  positive  char- 
acter. Their  substantial  pros** nee  was  confirmed '  by  negatives 
taken  at  Wadesborough,  U.S.A.,  by  Miss  Gertrude  Bacon  ;  but 
the  difficulty  of  accounting  for  them  is  at  present  insurmount- 
able. That  they  are  due  to  the  interposition  of  opaque  bodies 
can  scarcely  be  admitted.  The  objections  are  prohibitive. 
Tet  the  phenomenon  is  none  the  less  genuine  for  being 
incomprehensible.     We  must  wait  and  compare. 

The  embarrassments  attending  coronal  photography  art* 
enormously  enhanced  by  the  effulgence  of  daylight  Success 
here  is  more  earnestly  doted  the  less  it  can  be  hopefully 
anticipated ;  for  the  prospect  is  dim  of  realising  Sir  William 
Huggins's  scheme  of  1832,  or  any  modification  of  it.  It  is 
true  that,  during  the  part  ial  phases  of  the  last  couplo  of  eclipses, 
sensitive  plates  were  impressed  by  the  inner  corona,  but  it 
only  showed  as  a  vague  glow  throwing  into  relief  the  small 
segment  of  the  moon  outside  the  sun  some  forty  seconds  before 
and  after  totality.2  Still,  even  this  scanty  measure  of  success 
was  welcome  as  an  earnest  of  what  the  incalculable  future 
might  bring.  Everything  depends  upon  catching  differential 
effects — upon  obtaining  plates  capable  of  feeling  the  delicate 
gradation  between  daylight  pure  and  simple  and  daylight  plus 
corona.  And  this  would  be  greatly  facilitated  by  acquaintance 
with  the  law  of  intensity  in  the  coronal  spectrum.  It  ought 
to  be  stronger  in  the  upper  reaches  than  the  ordinary  solar 
spectrum,  since  the  corona  escapes  the  heavy  toll  of  blue 
absorption  exacted  from  the  photosphere  by  the  "smoke-veil"; 
I  he  question  is,  can  this  presumable  superiority  be  rendered 
predominant  enough  for  the  ends  of  portraiture?  The  use  of 
coloured  screens,  letting  through   the  more  refrangible   rays, 

;    Wesley.  KnoicUrfgt,  Oct.  1900.  p.  227. 

:    Maun«ler.    Kno>rltii<i€,  vol.  xxi.  p.   109.      Cf  the  visual  ohterrations  of  Sea- 
pnvt  in  IWhj,  A$tr-f,h.  Journ.  vol.  xii.  p.  99. 
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and  barring  out  those  lower  ones  in  which  mere  glare  has  the 
advantage,  has  proved  ineffectual ;  and  the  "  double -slit 
method,"  ho  splendidly  helpful  in  other  departments  of  solur 
phjsice,  has  also  been  tried  in  vain.1  In  coronal  photography, 
no  bright  lino  can  serve  the  end  in  view  because  the  gaseous 
spectrum  belongs  only  to  the  inner  corona,  and  the  record 
aspired  after  is  more  especially  of  the  outer  corona,  with  its 
characteristic  plumes,streamers,andaigrettes.  Until  the  changes 
these  undergo  can  be  followed  day  by  day,  little  will  be  satis- 
factorily known  of  their  intimate  relations  with  the  different 
orders  of  solar  phenomena,  and  still  less  of  the  underlying 
cause  of  variation. 

It  has  yet  to  be  determined  whether  the  corona  rotates 
with  the  sun.  Opposite  motion-displacements  above  the  east 
and  west  limbs,  of  the  green  line  or  one  of  its  companions, 
would  settle  the  point ;  but  they  show,  if  at  all,  most  evasively. 
M.  Deslandres  first  attempted  such  measurements  at  Fundium 
in  West  Africa,  16th  April  1893.a  He  chose,  however,  as 
the  object  of  his  attack  the  K-line  of  calcium,  since  ascertained 
to  be  non-coronal,  so  that  his  results  were  null  and  void.  Yet 
they  marked  a  starting-point,  for  they  sufficed  to  introduce 
the  research  definitively  into  the  eclipse-programme ;  nor  will 
it  be  dropped  out  of  it,  we  may  hope,  until  a  substantial  in- 
crease of  knowledge  has  been  gained.  Subsequent  experiments, 
although  legitimately  conducted,  have  been  indecisive.  Mr. 
Newall,  in  those  tried  by  him  at  l'ulgaon,  22nd  January  1S98, 
went  too  far  afield  for  their  materials.1  He  directed  his 
spectroscope  to  points  8' — corresponding  to  upwards  of 
200,000  miles — from  each  limb,  whence  no  bright  line 
could  be  obtained,  since  they  lay  outside  the  limits  of  the 
gaseous  corona.  Professor  Campbell,*  on  the  other  hand, 
found  in  spectrograms  taken  east  and  west  of  the  sun  during 
the  same  eclipse,  a  difference  in  position  of  the  green  ray 
giving  an  ostensible  radial  velocity  of  31  kilometers  per 
second,  suggesting  rotation  at  half  that  speed ;  but  he 
regarded  its  genuineness  as  open  to  grave  doubt. 

1  Halt,  AMt.  and  Atirophyna.  vol.  xiii.  |»,  OCX. 

*  Otmrvatum$  d*  f&lijm  d\t  Itith  Avrid  MEM,  u.  «S. 

a    Ttu  fJimrmtiny,  voL  xxi.  p.  189. 

4  Aitroph.  Jettr*.  roL  I.  p.  186. 
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More  hopeful  than  the  method  of  simple  displacements  is 
perhaps  the  method  of  inclination*  recommended  by  Deslandre*,1 
A  small,  intensely  luminous  image  of  the  corona  being  thrown 
upon  the  slit  of  a  powerful  sjiectrnscojie,  the  varied  deviations 
of  the  bright  lines  derived  from  its  different  porta  should  tell 
something  as  to  the  mode  of  motion  prevalent  throughout  the 
appendage.  If  it  rotates  like  a  solid  body,  all  in  one  piece, 
the  velocity  increases  outward,  and  the  lines  would  lie  aslant 
ou  the  plate  in  corresponding  directions.  If,  however,  the 
regimen  be  analogous  to  that  governing  Saturn's  ring-system, 
in  which  every  component  particle  revolver  ;ls  an  indejN-udeut 
satellite,  then  the  speed  of  coronal  matter  slackens  with  in- 
crease of  distance  from  the  sun,  and  the  spirt  ml  rays  emitted 
by  it  should  be  deflected  the  opposite  way.  The  criterion,  if 
it  prove  applicable,  will  be  highly  iliscriminative  as  regards 
rival  hypotheses. 

These  may  be  classified  as  ejective,  meteoric,  and  electro- 
magnetic. Professor  Schaelssrle  analyse.*  the  phenomenon  into 
"streams  of  matter  ejected  from  the  lower  latitudes  of  the 
sun."1  To  the  materials  of  the  lougest  rays  be  ascribes 
initial  velocities  up  to  400  miles  a  second,  and  excursions 
outward  to  the  remote  neighbourhood  of  Jupiter  or  even 
Saturn  ;  ogives  and  arches  being  due  to  eruptions  of  less 
violence  ,  while  the  interplay  of  innumerable  curving  jets, 
foreshortened  in  all  possible  ways,  explains  the  complex  aspect 
of  the  sun's  lucent  crown.  Mr.  and  Mrs.  Maunder,  again,  con- 
sider the  prominences  to  "  represent  centres  of  strong  eruptive 
action,  and  that  in  consequence  of  such  action  coronal  matter 
is  driven  upward  from  the  sun  over  a  very  wide  area  in  dome- 
like forms." s  A  succession  of  arches  results,  "  the  outer  being 
less  de6nite  and  complete  than  the  inner  ones.  Outside  all 
we  find  the  curves  defining  the  boundaries  of  the  synclinal 
group." 

There  is  much  plausibility  in  these  inferences.  Promi- 
nences are  visibly  spouted  or  flung  upward,  and  the  lustrous 
filagree  vaults  often  rising  above  them  can  scarcely  have  a 
totally  dissimilar  origin.  But  the  whole  secret  is  not  thus 
laid   bare.      The   rationale   by  eruptive  action    is  no  sooner 

*  Lt*.  cit.  p.  50-  ■  Total  Solar  Eclijm,  Dec.  1389,  p.  47. 

J  The  Indian  Kelipm,  p.  121. 


PROBLEMS  IN  ASTROPHYSICS 

sought  to  he  made  exclusive  than  it  meets  contradictory  facts. 
It  offers  no  admissible  explanation  of  varying  coronal  types; 
it  ignores  the  mysterious  coronium  envelope ;  it  seems  to  be 
negatived  by  the  bolometric  observations  of  Abbot  in  1900  ; 
for  obviously  the  light  of  the  supposed  bombs,  projectiles,  or 
pulverulent  ejected  streams  should  contain  the  ordinary  solar 
proportion  of  heat-rays,  which  are  nevertheless  markedly 
deficient. 

The  corona,  according  to  Sir  William  Hugging,  must 
consist  of  ■  incandescent  fog."  And  Professor  Newcomh,1 
following  a  similar  train  of  ideas,  avers  it  to  be  made  up  of 
detached  particles,  wholly  or  imperfectly  vaporised  They 
might  be  most  sparsely  distributed.  Intense  radiance  would, 
he  informs  his  readers,  result  from  the  occurrence  of  a  single 
fragment  of  dust  in  every  cubic  mile  of  space  about  the  sun. 
But  how  is  the  dust  (if  dust  there  be)  supplied  ?  Does  it 
oomfl  from  within  or  from  without?  Here  the  upholders  of 
the  meteoric  theory  join  issue  with  the  eruption  ista  There 
must  be  rings  and  streams  of  meteors  revolving  quite  close 
to  the  sun  in  orbite  of  all  possible  inclinations  and  con- 
siderably varied  eccentricities.  These  furnish,  we  are  told, 
the  materials  of  the  corona,  which — as  Dr.  Scheiner  has 
recently  shown ' — are  raised  to  a  temperature  of  incan- 
descence by  direct  solar  radiation.  This  view,  nevertheless, 
like  the  eruption-hypothesis,  is  scarcely  tenable  in  view  of  the 
non-thermal  quality  of  coronal  light. 

There  remains  the  electrical  theory.  Formally  enounced 
by  Sir  William  Huggins  in  1885*  it  remains  unverified 
indeed,  yet  un refuted.  Coronal  streamers  are  regarded  by  it 
h  wiahiyriuH  tn  i-muetf  talk .  they  i—w-  forth  onda  ilu- 
influence  of  I  repulsive  force  emanating  from  the  sun ;  they 
are  illuminated  by  electrical  discharges  due  probably  to 
differences  of  potential  at  their  bases  and  extremities.4  The 
magnetic  relations  of  the  phenomenon,  vividly  indicated  by 
the  minimum  forms  exemplified  at  the  two  eclipses  of  1889, 
were    ably  discussed    by  l*rofessor    BigeJow.0      Ho    analysed 

1  PvjnUar  Attnmomy.  p.  200  (edit,  of  1876). 
1  AMtroph.  Juurn.  vol.  xii.  p   20. 
*  Prw.  Hnyal  Sneuty,  vol.  mil.  p.  108.  •  Dtwlanilna,  lor.  fit  p.  6'J. 

*   Th*  Solar  Corona   Jiru wt  fry  Sphrricat  Harm^nia,  1889. 
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coronal  structure  by  spherical  harmonics,  on  the  supposition 
«l  its  dependence  upon  some  mode  of  action  similar  to  that 
of  tree  electricity,  ■  the  rays  being  lines  of  force,  and  the 
coronal  matter  being  discharged  from  the  body  of  the  hud, 
or  arranged  and  controlled  "  by  a  power  proceeding  from  it. 
He  further  showed  that  the  power  was  of  a  repulsive  nature 
and  varied  inversely  Si  the  square  of  the  distance;1  but  he 
avoided  speaking  of  it  as  "  electrical  p  out  of  ■  deference  to 
the  doubt  that  free  electricity  can  exist  at  such  high  tempera- 
tures as  prevail  on  the  sun 'a  surface,"  content  to  havt*  proved 
"'  that  nome  force  is  present  acting  <>n  the  cornrui  according  to 
the  laws  of  electric  potential." 

The  diagrammatic  halo  laid  down  on  these  principles  was 
indeed  the  very  "twin  Dromio"  of  the  corona  of  1889;  but 
they  stood  ill  the  tost  of  prediction.  The  corona  of  1893 
failed  U>  exhibit  the  special  feature*  unlicijiuted  for  it  by 
Professor  Bigelow.  Plainly  the  assertion  that  an  illuminated 
magnetic  field  surrounds  the  sun,  although  scarcely  deniable, 
does  not  comprise  the  whole  truth.  The  same  may  be  said 
of  Hermann  Ebert'a  "  electro-mugnetic,  theory."  *  He  defines 
the  corona  as  "the  visible  reaetinn  of  the  tin. dy -divided 
matter  in  the  vicinity  of  the  sun  upon  the  dielectric 
polarisation  proceeding  from  the  different  parts  of  the  sun." 
Luminosity  is  evoked  by  Hertzian  oscillations  propagated 
outward  with  the  velocity  of  light,  and  its  filamentous  texture 
corresponds  to  differences  in  dielectric  stress  connected  with 
the  distribution  of  electricity  on  the  sun's  surface. 

The  auroral  aspect  of  the  corona  has  often  been  com- 
mented upon.  M.  Ebert  remarks8  that  the  magnetic  lines 
of  force  near  the  earth  are  not  more  definitely  traced  out  by 
the  play  of  polar  lights  than  are  those  about  the  sun  by  the 
disposition  of  coronal  rays.  The  truth  of  this,  however,  is 
patent  only  as  regards  aureolas  of  the  minimum  type.  In 
those  visible  at  maximum  it  is  at  any  rate  disguised.  For,  as  the 
sun's  internal  activity  augments,  beamy  outflows  predominate 
over  tufted  eiHuences,  although  both  kinds  of  radiance  may  be 
simultaneously  present.      Professor  Holden  considered  the  sun 

1  Public.  Pacific  Society,  toJ.  lii.  p.  216. 
J  Attr.  and  Astrojihrjsice,    rol.  xii.  p.  804. 
*   Magnetic  Fields  of  Force,  p.  73  (18»7). 
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to  be  hairy  ull  over,  unci  nol  merely  at  the  poles,  ■  There  is 
no  latitude,"  he  wrote,  ■  at  which  we  can  say  that  here  the 
polar  rays  end  and  a  new  species — equatorial  rays — begins."  ' 
This  was  also  recognised  by  M.  Hausky  in  his  study  of  the 
corona  of  1896;*  but  the  superposed  streamers  and  arches 
can  witli  difficulty  be  included  in  any  magnetic  theory.  On 
the  other  hand,  Mr.  Pupin  of  Columbia  College  obtained  in 
1392  striking  imitations  of  the  maximum  type  of  corona  by 
means  of  electrical  discharges  through  partially  exhausted 
bulbs.8  Effects  of  polarity  being,  however,  wholly  absent,  the 
reproduction  failed  to  convey  one  fundamental  characteristic 
of  the  real  phenomenon.  But  the  deficiency  was  supplied, 
three  years  later,  by  Ebert's  experiment  of  subjecting 
"  coronoidal  "  tubes  to  the  action  of  a  powerful  magnetic  held. 
The  organising  effect  upon  tho  light-effluence  was  just  what 
was  needed,  according  to  Bigelow's  contention,  to  give  nature's 
own  imprimatur  to  his  ■  magnetic  theory  of  the  solar  corona."* 

A  fact  of  high  import  in  this  connection  is  that  the 
coronal  bright  lines  are  not  reversed  in  the  Fraunhofer 
spectrum.  Coronium,  and  the  gases  associated  with  it, 
exercise  no  perceptible  absorption  upon  the  liyht  transmitted 
through  them.  Now  this  kind  of  inertness,  according  to  M. 
Cantor's  experiments,*  is  distinctive  of  substances  glowing  hy 
electrical  stimulation,  so  that  we  have  here — as  the  late  PrO- 
feasor  Fitzgerald  pointed  out — a  confirmation,  absolutely  $%ti 
generis,  of  the  conjecture  that  coronal  emissions  are  analogous 
to  those  of  an  illuminated  vacuum-tube. 

Yet  none  of  the  views  propounded  on  the  subject  are 
<  iiuipletely  satisfactory.  They  have  points  of  contact  with 
truth,  but  they  do  not  closely  embrace  it  This,  indeed,  could 
hardly  tie  expected  at  so  comparatively  early  a  stage  of  coronal 
research.  For  the  questions  involved  are  beyond  measure 
battling  tad  intricate.      We  may  re-enumerate  them. 

One  that  is  fundamental  relates  to  coronal  heat.  It* 
virtual   absence,  attested   bolometrically   at    Wadesborough    in 

1    Rfjxrri*  <m  BdiyH  of  1*  January,  JSS9,  p.  10. 

■  Bull.  <U  rAtad,  dm  Seimcm  4  St,  Pdtnhtmrg,  %,  ri.  Mueb  1897. 

■  Attr.  a^l  AUropkyaUM,  vol.  xL  |».  488. 

*  Amer.  Jo*m.  </&«■<*  vol.  li  p.  X63,  1903. 

*  AnmaU*  oV  fhynk.  W»>.  |>.  402;  .[u<*t»l  hy  O.  F.   rnugenld,  &*tun. 
vol  txil  p.  7. 
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1900,  must  1m;  confirmed  during  future  eclipses  before 
Deslandres's  contrary  inference  '  as  to  the  copious  presence  of 
long  wuvee  in  coronal  light  can  be  finally  dismissed. 

The  coronium -envelope  offers  a  problem  which  stands 
almost  apart  from  that  of  the  stellate  appendage  surround- 
btt  it.  And  it  ie  one  that  cau  scarcely  yet  he  grappled  with. 
No  familiar  substance  enters  into  its  composition.  Its  in- 
■  iii  i<  :i-  ulfeOg6thtf  ftxoti'.-.  Tht-y  <!«■  n<»i.  tlill'ii  -■••  into  the 
chromosphere,  while  those  of  the  chromosphere  are  oh  strictly 
excluded  from  the  corona.  The  cause  of  this  extraordinary 
circumstance  will  perhaps  long  remain  obneure.  Meanwhile, 
through  the  attempted  apportionment  of  the  coronal  rays 
photographed  in  totalities  between  sundry  hypothetical  sub- 
stances we  are  led  to  regard  coronium  aa  only  one  of  a  group 
of  £oauH  foreign  to  terrestrial  experience. 

The  rotation  of  the  corona  can  Ik*  measured  only  by 
the  most  refined  methods;  but  there  is  little  doubt  that  they 
will  be  successfully  applied.  Movements  of  other  kinds  may 
also  be  spectroRcopicaUy  determined,  since  they  are  likely,  in 
many  cases,  to  take  directions  oblique  to  the  limb,  and 
therefore  to  have  large  components  alon£  the  line  of  sight 
to  the  earth.  .Notwithstanding  the  lasting,  and,  in  some 
respects,  the  growing  importance  of  securing  the  best  possible 
picture -photographs  of  the  corona  during  totalities,  novel 
revelations  are  scarcely  to  be  expected  from  them.  Their 
leading  interest  just  now  centres,  first  in  the  structural 
relationship  of  coronal  arches  with  prominences,  next,  in  the 
information  they  may  afford  about  dark  markings  in  the 
solar  appendages.  For  the  rest,  we  must  look  to  daylight 
photography.  When  the  great  desideratum  is  attained  of 
getting  behind  (as  it  were)  the  veil  of  atmospheric  glare,  we 
shall  be  able  to  trace  the  progress  of  coronal  change,  to 
follow  the  unbuilding  and  rebuilding  of  the  typical  aureolas, 
to  witness,  perhaps,  sudden  coronal  developments  in  sympathy 
with  chromospheric  outbursts.  From  the  vantage  -  ground 
thus  gained,  in  short,  the  true  function  of  the  corona  in  the 
solar  economy  cau  be  systematically  investigated.  During 
the  few  crowded  moments  of  eclipse  this  is  not  possible. 

1  C<mpt<s  fondus,  t.  exxx.  p.  ltf»l  ;  tfature,  5th  July  1WW. 


CHAPTER    XII. 


THE    SUN'8    ROTATION. 


The  mode  of  the  sun's  rotation  is  perhaps  the  most  significant 
feature  of  his  constitution.  A  thorough  understanding  of  it 
would  doubtless  bring  with  it  an  explanation  of  many  other 
outstanding  difficulties.  But  it  seems,  unfortunately,  a  long 
way  off.  No  more  has  been  attained  as  yet  than  the  re- 
presentation of  the  observed  facts  by  empirical  formula?.  That 
is  to  say,  a  law  of  order  has  been  discerned  in  them  although 
their  cause  remains  obscure. 

No  single  period  of  rotation  cau  be  ascribed  to  the  sun. 
Each  element  of  the  photosphere,  probably  each  layer  of  the 
chromosphere,  moves  round  the  axis  in  a  fashion  of  its  own. 
The  fundamental  rate,  if  such  there  be,  is  so  masked  by  local 
drifts  as  to  be  unrecognisable.  The  most  hopeful  road  to  its 
eventual  detection  seems  to  be  by  the  gradual  disentangle- 
ment of  the  solar  influences  affecting  terrestrial  msjfllMltlii 
phenomena.  The  immediate  task  in  hand,  however,  consists 
in  extending  and  giving  precision  to  knowledge  on  the  whole 
subject,  in  bringing  varied  methods  to  bear  upon  it,  and 
in  linking  into  some  kind  of  sequence  the  circumstances 
ascertained. 

Until  spectroscopic  and  photographic  meaus  became  fully 
available,  the  solar  rotation  could  be  determined  only  by 
timing  the  circuits  of  spots.  And  spots  were  very  soon  found 
to  have  "  proper  motions  "  precluding  them  from  discharging 
the  function  of  poiuts  of  reference.  Hence  there  could  be  no 
unanimity  as  to  the  sun's  rotation,  tin:  ]« iuxl  arrived  at  by 
each  observer  depending  upon  his  choice  of  spots.  At  length 
Carrington's  scrutiny  during  the  years  1853  to  1861  showed 
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the  systematic  nature  of  these  battling  diversities.  They 
proved  to  vary  with  heliocentric  latitude,  aud  the  great  solar 
swirl  was  brought  into  evidence.  Once  in  about  twenty-five 
days  the  visible  surface  of  the  sun  sweeps  round  ut  the 
equator ;  but  as  the  distance  from  it  increases,  the  time 
lengthens  progressively.  The  rate  of  retardation  is  given 
mathematically  in  the  following  expressions,  which,  U  in- 
artificially  adjusted  to  correspond  with  observation,  might  he 
multiplied  and  modified  indefinitely : — 

Formula:  ok  Solar  Rotation. 

X  -  »«ft'  -  1 65'  rin  I  I  (CsrringtOD). 

X  -  1011'-  203'  siQ  (41*  13'+  /)  (Sparer). 

X  -  80S'  -  186'  ein  3  I  (Faje) 

I  -  858'  -  157'  sin5  I  (Tieserand), 

X  signifying  the  daily  angular  mutiuu,  I  the  solar  Intitudr. 

Formula?  of  the  kind,  moreover,  are  of  restricted  applica- 
tion. Baaed  exclusively  upon  spot-measurements,  they  can 
UfMcIv  l«'  iniKtcil  imuidt-  i>f  the  epot-zones — that  is.  lieyund 
38*  north  and  south  of  the  equator.  Carrington's  gives 
a  period  of  2511  9h  63"  where  /=  14°,  of  26J  9*  9m  for 
/~30°;  and  he  adopted  as  the  standard  period  25d  9h  0m, 
conformed  to  in  latitude  13£°.  But  what  this  average  speed 
of  transport  actually  represents,  is  the  mean  rate  of  motion  of 
the  multitude  of  sun-spots,1  not  the  rotation  of  the  body  of  the 
sum  Professor  Bigelow  argues  from  meteorological  analogies 
that  this  prevails  without  disguise  at  the  equator,  while 
retrogressive  currents  of  a" trade-wind "  character  lengthen 
the  periods  derived  from  observations  in  the  spot-zones.' 
But  such-like  comparisons  are  plainly  inadmissible.  More 
plausible,  although  far  from  decisive,  is  his  contention  that 
the  equatorial  period  must  be  the  true  one  because  it  lends 
itself  to  the  correlation  of  terrestrial  phenomena — aurora, 
magnetic  storms,  wind  and  weather  changes — with  solar 
outbreaks. 

Solar  rotational  studies  entered  upon  a  new  phase  with 

1  Bigelow,  A  Mr.  and  A$trophy$ic$,  rol.  xii.  p.  823. 
*  Adr.  and  Aatropkytia,  rol.  xii.  p.  825. 
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the  application  to  them  of  the  spectroscope.  The  particular 
importance  of  the  innovation  lay  in  the  change  of  venue 
which  it  involved.  A  new  court,  bo  to  speak,  was  constituted, 
a  fresh  set  of  witnesses  called.  These  were  the  Fraunhofer 
UBM ;  and  while  rvquiring  mom  ddtatB  kntitUMnfc  t\<*-y 
seemed  likely  to  prove  more  trustworthy  than  their  pre- 
decessors. Spots  do  not  float  inertly  ou  the  photospheric 
They  are  subject  to  individual  hurryings  and  laggings 
that  to  some  extent  invalidate  the  record  of  their  axial 
progress.  Fraunhofer  lines,  on  the  contrary,  are  eminently 
steadfast  They  fall  short,  it  is  true,  of  the  absolute  fixity 
formerly  ascribed  to  them ;  yet  after  every  deduction  has  been 
made,  their  reputation  as  natural  conBtants  remains  substanti- 
ally intact.  It  must,  however,  be  bama  in  mind  that  what 
the  Fraunhofer  lines  tell  about  the  sun's  rotation  is  not  strictly 
comparable  with  the  information  derived  from  spots.  For  tlu-y 
proceed  from  a  different  level,  and  may  therefore  obey  a  different 
law  of  revolution.  They  indicate  the  velocity,  not  of  the  sun 
itself,  but  of  the  absorbent  strata  in  which  they  originate. 

The   eastern    limb  of   the  sun  advances,  the  western   limb 

MMT'l/s  at  the  atta  of  i~  bUm  i  nodtod  Dm  MMoqiml 
line-displacement*  amount  to  just  }}l(t  the  little  -jap  between 
the  D-lines  of  sodium.  In  1871  their  simple  detection  by 
Vogel  was  a  feat  of  some  moment.1  Five  years  later,  Young 
was  enabled,  by  his  early  possession  of  a  grating  or  diffraction 
spectroscope,  to  fix  their  range  with  approximate  accuracy. 
Then  Langley  showed  how,  by  their  means,  to  distinguish  at 
a  glance  lines  of  solar  and  telluric  production.  For  in  juxta- 
posed spectra  from  opposite  ends  of  the  equator,  the  solar 
lines,  being  affected  by  rotation,  are  manifestly  "notched," 
while  atmospheric  rays  run  straight  on  without  a  break. 
They  stand  self-announcod  as  of  domestic  production. 

The  differential  plan  of  measurement  thus  suggested 
obviates  many  forms  of  otherwise  inevitable  error.  It  was 
adopted  by  Duxtcr  in  his  classic  work  on  the  sun's  rotation, 
presented  to  the  Royal  Society  of  Upsala  14th  February 
1891.  He  selected  two  iron  lines  in  the  red  (XX  630 172. 
6302*72)  for  comparison  with  a  pair  of  adjacent  oxygen  lines 
from  the  "  Alpha"  band,  known  to  be  terrestrial,  and  there- 

1  H*vry  */ A«r»«m»  {A.  U.  CkrM,  Uh  edit.  p.  202. 
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exempt  from  xnotion-shiftings.1  They  v,vrt;  then  safely 
treat**!  as  fiducial ;  and  the  intervals  between  (fan  and  the 
nolar  lines  diflered,  east  and  west  of  the  equator,  to  an  extent 
corresponding  with  rotation  in  a  period  of  twenty -five  and 
■  half  days.  By  the  use  of  the  utmost  refinements,  the  observa- 
tions were  carried  up  to  within  fifteen  degrees  of  either 
pok?,  where  the  period  was  found  to  be  protracUd  to  thirty -eight 
and  a  half  days,  the  intervening  zones  showing  intermediate 
velocities.  Direct  acquaintance  with  the  sun's  axial  ium\. 
neat  was  thus  extended  far  beyond  the  regions  of  spot- 
occurrence;  and  only  direct  acquaintance  is,  in  this  matter,  <>l 
any  avail,  since  the  formulae  devised  to  suit  low  latitudes 
brook  down  nearer  the  poles,  disclosing  their  unsoundness  by 
a  total  wunt  of  agreement  in  the  periods  calculated  from 
them. 

■  Carringtou's  law  "  might  have  been  true  of  spotB  only  ; 
it  might  have  denoted  some  peculiarity  in  their  mode  of  pro- 
duction, causing  a  systematic  increase  of  backward  drill,  imrt.fi 
and  south  of  the  equator.  The  Upsula  measures,  however, 
proved  it  to  apply,  irrespectively  of  spots,  to  the  solar  globe 
generally.  They  told,  indeed,  something  more  than  this. 
The  period  deduced  from  them  was  longer  than  that  given 
by  spots.  The  difference  amounted  to  about  half  a  day,  and 
it  persisted  in  all  latitudes — that  is  to  say,  the  vapour  of 
iron  surmounting  the  photosphere  gyrates  more  slowly  than 
the  spots  in  the  photosphere.  A  variation  of  angular  speed 
with  elevation  above  the  sun's  surface  was  for  the  first  time 
indicated.     Confirmatory  evidence  was  soon  forthcoming. 

The  photographic  investigation  of  facular  movements 
was  attempted  by  Dr.  Wilsing  at  Potsdam  in  1888.*  From 
1012  measurements  executed  upon  108  plates,  he  obtained  a 
constant  angular  velocity  of  14°"27  per  diem,  equivalent  to  a 
period  of  2523  days,  which  is  just  that  of  spots  situated  ten 
degrees  from  the  equator.  But  the  conclusion  that  faculee  in 
all  parts  of  the  sun  conform  to  it  was  certainly  fallacious. 
M  Ifcjlopol.sk  y  made  this  apparent  in  1892,8  and  M.  Stratonoff 
of  Taschkent  still  more  decisively  in  1894-96.*     His  research 

1    liidvrches  tur  la  Rotation  du  SoUil,  p.  55. 

'  Potsdam  Pub/.  Bd.  iv.  pt.  ii.  ;  A>tr.  A'arA.  Nt*.  3000,  3153,  3287. 

»  AUr.  and  Aatrophptia,  vol.  xii.  |».  63*.  *  Attr.  Nock.  Not.  3275,  334*. 
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included  the  determination  of  2158  positions  of  997  facube 
on  316  Pulkowa  plates,  and  furnished  the  clearest  evidence 
of  their  poleward  retardution.  The  Stonyburst  drawings, 
discussed  by  Fathers  Sidgreaves  and  Cortie,1  yielded  similar 
results.  Concomitant  increase  of  period  and  latitude  is,  in 
fact,  a  rule  without  exception  on  the  sun. 

Faculte,  however,  have  a  mean  rate  of  their  own.  In  the 
same  parallels  they  are  transported  more  rapidly  than  either 
spots  or  absorbent  vapours.  Their  period  of  rotation  is  thf 
shortest  attributable  to  any  solar  formations.  The  main  facta 
of  the  case  can  be  taken  in  by  a  glance  at  the  following  little 
table  :— 

PcaioDR  is  Dats 


Hsaga?te 

PmiiIc 

B**L 

l*yrr 

or 

15* 
SO" 

24*68 
25  "26 
26-48 

25-44 
26  81 

25*46 

27  49 
51  S3 

The  equatorial  facular  period,  it  is  worth  noting,  is  nearly 
identical  with  that  ascribed  by  Hornstein,  on  the  ground  of 
magnetic  observations,  to  the  mass  of  the  sun. 

The  diversities  exhibited  above  ore  as  perplexing  aa  they 
were  unexpected.  They  do  not  even  fall  readily  into  any 
satisfactory  order  of  progression.  The  slowest  movement, 
belongs  to  the  reversing  layer,  or  at  least  to  the  slice  of  it 
stopping  out  DunoYa  iron  lines ;  for  there  is  no  certainty  that 
the  entire  stratum  rotates  unanimously.  It  is,  how 
certain  that  it  covers  both  spots  and  faculie.  The  level  of 
absorption  is  higher  than  the  level  of  the  photosphere  with 
all  its  immediate  appendages.  This  fact  has  been  already 
insisted  upon ;  *  it  may  perhaps  usefully  be  reasserted  in  the 
present  connection.  Fraunhofer-absorption  is  stamped  in  the 
prismatic  rays  of  facuhe  and  Bun-spots  precisely  as  in  those  of 
the  photosphere.  They  have  then  been  demonstrably  sifted 
through  the  same  screen  of  incandescent  vapours.     We  liave 

1  MomtMy  A'ohtts,  wot.  Ir.  No.  1  ;  AUrwpk.  Jour*.  »oL  x\r.  p.  117. 
*  3m  anU,  |>.  »*. 
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yet  to  learn  that  they  escape  any  minutest  part  of  the 
absorptive  effects  produced  iu  ordinary  sunlight.  They  must 
accordingly  be  submerged  beneath  the  whole  series  of  strata 
occasioning  them.  At  the  same  time,  it  has  to  be  borne  in 
mind  that  DuneYs  deductions  rest  upon  a  narrow  basis.  He 
measured  only  a  single  pair  of  lines,  and  we  lack  the  specific 
aasurance  that  those  individual  lines  occur  in  the  facular  and 
spot  spectra.  Presumably  tbey  do ;  no  reason  is  apparent 
why  they  should  behave  exceptionally  ;  but  a  direct  record  of 
their  actual  presence  would  be  satisfactory.  They  should  also 
be  looked  for  in  the  "  flash  "  at  the  edge  of  the  eclipsed  sun. 
Their  detection  as  brilliant  lines  would  confirm  and  settle 
their  status. 

But  here  we  encounter  an  anomaly.  Since  the  reversing 
layer  rotates  more  slowly,  aud  lies  higher  than  the  photcwpheric 
formations,  a  law  of  retardation  with  altitude  might  l>e  umuined. 
Its  prevalence  is,  nevertheless,  contradicted  by  the  relations  of 
spots  and  faculut.  Kaculaa  undeniably  rise  above  spot 
they  wheel  more  rapidly;  they  give  a  shorter  period.  Tfii.t 
Mcems  to  be  established  by  Wnl  fur's  '  confirmation  of  StratonofTs 
results.  Thus  while  retardation  outward  is  indicated  by  the 
reversing  layer,  acceleration  outward  is  forcibly  suggested  by 
facula?.  And  there  is  a  general  consensus  of  opinion  that  this  rule 
applies  generally,  so  that  the  comparative  tardiness  of  the  absorp- 
tive region  stands  over  as  an  unexplained  discrepancy.  Even 
within  the  region  itself,  Mr.  Lewis  E.  Jewell  has  found  indica- 
tions of  diminishing  angular  velocity  towards  the  photosphere, 
where  also  the  equatorial  quickening  is  small  compared  to  its 
value  higher  up.2  Moreover,  Belopolsky's  speculations  as  to 
the  nature  of  the  corona,  which  probably  adumbrate,  if  they 
do  not  convey  truths,  require  that  it  should  rotate  much  more 
swiftly  than  the  sun  itself.8  The  forecast  will  doubtless  be 
tested  ere  long  by  eclipse-spectrograms.  Indeed,  further  evi- 
dence is  much  needed  on  a  number  of  crucial  points  connected 
with  the  sun's  rotation. 

Duner  confessed  his  inability  to  imagine  a  "Why"  for 
the  singular  rotatory  regime  of  which  he  had  clearly  expounded 

1    VitrUljahruchrifl  Xaturforsch.   Oct.  in  Zurich,  Bd.  ill.  1896. 

1  Aitroph.  Joum,  vol.  IV.  p.  138. 

'  Bull  dc/Acad.  ds  SL  P4Unbaurgt  t  tL  No.  8,  p.  298. 
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tin-  '  How"  "  Ft.  constitutes,"  he  remarked,  ■  one  of  the  iuokI 
difficult  problems  in  astrophysics."  One  theory  after  another 
has  been  proposed,  and  sunk  out  of  sight,  overweighted  by 
manifest  InoonsiHteiien*-  A  machine  "going"  like  the  sun 
[In-  wit  of  man  has  not  yet  been  able  to  device.  Nevertheless, 
a  means  of  evading  the  difficulty  has  been  found.  The  possi- 
bility has  been  perceived,  and  perhaps  too  readily  admitted,  of 
regarding  it  as  a  legacy  from  chaos  to  cosmos.  Tin  tffltlNII  W 
monts  surroundiug  the  subject  may  be  relegated  to  a  far-distant 
age,  and  to  a  state  of  things  for  which  the  investigators  of 
to-day  disclaim  responsibility.  The  anomaly,  on  this  view,  is 
a  survival  of  nebulous  conditions,  which,  so  far  from  having  a 
present  sustaining  cause,  is,  and  has  always  been,  subject  to 
the  destructive  agency  of  friction.  Why  then,  it  may  be 
asked,  has  it  persisted  throughout  the  icons  of  the  sun's 
growth  ?  Should  it  not  have  been  quite  early  abolished, 
if  it  be  nothing  more  than  a  residual  inequality,  liegun 
to  be  smoothed  away  in  the  dim  foretime  when  the  solar 
globe  took  shape  I  Mathematicians  reply  in  the  negative. 
Wikxyuski  of  Berlin  gave  in  1896  an  apparent  demonstra- 
tion that  internal  resistance  cannot  change  the  diurnal  arc 
described  by  any  point  on  the  sun  to  the  extent  of  two 
minute*  in  twenty-seven  million  years.1  But  Harzer  showed 
it  to  be  applicable  ouly  to  cases  non-existent  in  nature.1  It 
wouhl  !»■  valid  under  idoal  circumstances  ;  things  being  as  thoy 
actually  are,  it  falls  to  the  ground. 

Starting  from  less  questionable  premisses,  however,  Wilsing 
of  Potsdam  in  1891*  and  Sampson  of  Durham  in  1894* 
reached  pm  -tieally  the  same  conclusion.  They  agreed  that 
millions  of  years  must  elapse  before  the  sun  comes  to  rotate 
■  all  of  a  piece,"  like  a  solid  body.  There  is,  indeed,  one  flaw 
in  their  reasoning.  Both  limit  convective  circulation  within 
the  solar  globe  to  a  relatively  thin  shell  of  material.  They 
assign  to  radiation  an  essentially  superficial  character.  In 
the  attempt  to  prove  that  the  rotational  currents  flow  without 
impulsion,  they  sacrifice  the  functional  efficiency  of  our  great 
light-giver.    For  assuredly  its  immense  output  of  radiant  energy 

'  A$ir.  Jifum,  No.  410  .  A*trvp/*.  Joum.  *ol.  ir.  |».  101 .        ■  find.  vol.  v.  p.  *J. 

■  Atr.  tfae*.  No,  803»  ;    Attraph.  Journ.  vol    in     p    Uf. 
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can  only  be  supplied  from  interior  kToiv*.  raubnd  vnlWHa  to 
powerful  and  duply  rooted  vertical  currents.  Rut  the  continued 
activity  of  such  a  system  should  sjiccdil}  rfT.ice  inequalities  of 
surface  drift, unless  some  countervailing  force  maintain*-'!  them. 

Dr.  W  Using  ussertfl  that,  in  the  comparatively  laic  ■  phase 
of  celestial  evolution  represented  hy  the  Baud  Mn,  radial 
currents  are  beginning  to  disappear."  It  might  more  plau- 
sibly be  argued,  considering  1 1  * « -  inlen.se.  brilliancy  of  such 
bodies,  that  radial  currents  are  in  them  at  a  maximum  of 
strength  and  volume.  "We  ire  therefore  relieved,"  the  author 
(•ontinucH,  '  from  the  difficulty  of  act  minting  for  '  Carrington's 
law  of  rotation '  on  mechanical  and  physical  principles,  sine* 
it  appears  as  the  result  of  earlier  conditions  of  motion,"1 

We  leave  a  good  deal  to  the  coming  time;  why  should  we 
not  shift  an  oocaaionul  perplexity  hock  to  the  broad  shoulders 
of  antiquity?  Much  that  is  inconceivable  in  a  sun  might  be 
possible  in  a  spiral  nrbula.  No  such  expedient  however,  will 
answer  the  present  purpose.  The  originating  cause  of  the 
sun's  rotational  anomalies,  whatever  it  may  have  liecn,  con 
limit*  to  act.  In  a  globe  SO  profoundly  Sbttttbtdj  tliev  DOttM 
not  possibly  have  survived  of  themselvch. 

Professor  Young  finds  the  necessary  driving  power  in  falls 
of  cooled  materials,  bringing  with  them  to  the  photosphere 
the  swifter  motion  appertaining  to  a  wider  circumference. 
The  consequent  accelerative  impulse  would  be  greatest  at  the 
equator,  and  would  diminish  to  nothing  at  the  poles,  accord- 
ing, so  far,  with  the  observed  facts.  Spots,  moreover,  by 
onrushes  at  epochs  of  reconstruction  or  recrudescence,  formally 
acknowledge  the  receipt  of  supplies  from  above.  But  Carring- 
ton's  "  law  "  governs  all  the  solar  formations,  and  the  rationale 
by  continuous  downward  precipitations  seems  to  be  of  very 
partial  applicability.  Faye  tried  to  solve  the  problem  on  an 
inverse  principle.  Instead  of  descents  from  without,  he  postu- 
lated ascents  from  within,  the  equatorial  retardation  being 
less  than  that  in  high  latitudes  because  the  rising  matter 
comes  from  nearer  the  surface.  This,  however,  was  a  purely 
artificial  arrangement,  with  no  voucher  for  its  reality.  The 
explanation  needed  to  be  explained.  Speculation  here,  as 
elsewhere,  must  await  the  progress  of  direct  inquiry. 

1   Atiroph.  Journ.  vol.   in.  p.  248. 
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Solar  periodicity  is  a  most  complex  phenomenon.  The  more 
it  is  studied,  the  less  it  seems  to  be  understood.  Its  effects 
branch  out  into  endless  entangled  and  obscure  Jibres  of  fact, 
to  trace  all  of  which  hack  to  their  root-source  would  be  an 
almost  superhuman  task.  At  present  they  can  only  be  dealt 
with  in  groups  and  tentatively.  Their  subtle,  and  often 
disguised  relationships  need  much  patience  for  unravelment. 
They  need,  above  all,  a  free  mind.  Prepossessions  are  sure 
to  compromise  truth. 

The  sun  is  subject  to  a  rhythmical  tide  of  disturbance, 
ebbing  and  flowing  in  about  eleven  years.  But  the  flow  is 
irregular  and  spasmodic.  Both  the  intensity  of  the  crises  and 
the  intervals  at  which  they  recur  vary  largely  and  unaccount- 
ably. Probably  the  eleven-year  cycle  is  involved  in  others. 
One,  there  is  reason  to  lielieve,  brings  about  alternate  accentu- 
ations and  partial  effuccments  of  change  comprised  within  a 
term  of  some  sixty-five  years.1  And  minor  pulsations — 
wavelets  on  the  great  rollers — are  besides  evident.  Prediction, 
nevertheless,  remains  at  fault.  Spot-maxima  are  delayed  or 
anticipated,  they  are  languid  or  energetic,  as  the  outcome  of 
modes   of    action    defying    calculation.      Not   even    the    loose 

n  of  an  arbitrary  formula  have  ever  been  forged  for 
them.  The  attempt  would  indeed  be  hopeless,  since  the  laws 
governing  them,  besides  being  highly  intricate  in  themselves, 
■n  plainly  disturbed  in  their  working.  Circumstances 
intervene  which  we  must  call  "accidental."  Could  we  describe 
them  in  detail  the  KBAOOt  of  solar  physics  would  lie  Uf«.r. 
ns  as  an  open  book. 

1  Of.  H*hn,  A'inoti  Ma,  oUtrv.tUry.  *oL  i.  \k  !»,  im, 
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The  "error"  of  the  spot -period  may  amount  to  nearly 
half  its  normal  length.  Thus  nix  tern  yourB  elapsed  be- 
tween the  maximum  of  1788  and  the  next  certainly 
ensuing,  ami  only  7*3  years  separated  the  culminating  points 
in  1829'9  and  18372.  A  characteristic,  feature  of  the 
representative  curve  is  that  it  mount*  more  rapidly  than 
it  descends.  Maxima  succeed  minima,  on  on  average,  after 
4*5  years,  while  the  corresponding  iniuiiiKi  uv  »»nly  reached 
after  6"1  years,  Substantially,  a  disparity  of  this  kind  is 
probably  always  present,  although  now  mid  .iguin  masked  by 
the  prominence  of  a  secondary  maximum.  These  peculiarities 
deserve  the  most  careful  attention,  as  sufficing  in  themselves 
to  place  the  sun  in  the  category  of  variable  stars.  His 
spot-curve  might  almost  be  said  to  be  modelled  on  the  light- 
curves  of  such  objects ;  and  the  analogy  is  eminently  instruc- 
tive We  learn  from  it,  for  instance,  that  a  Bpotted  con- 
dition in  the  sun  matches  a  phase  of  strong  luminosity  in 
the  stars  ;  and  are  hence  led  to  infer  that  the  sun  radiates 
most  powerfully  when  his  disc  is  most  maculated.  The  ex  triune 
difficulty  of  obtaining  direct  proof  of  this  relation  lends  especial 
value  to  the  side-wind  of  evidence  thus  brought  to  bear. 

Wow  an  increase  of  radiation  involves  a  quickening  of  the 
sun's  internal  circulation ;  and  the  process,  when  hurried,  is 
likely  to  become  tumultuous.  So  that  a  connection  is  easily 
traceable  between  heightened  brilliancy  and  photospheric 
laceration.  Spots,  however,  are  only  the  most  conspicuous 
symptoms  of  an  agitated  state.  Facula?  and  prominences 
follow  suit.  They  are  indeed  too  intimately  bound  up  with 
spot-economy  to  do  otherwise.  The  corona,  by  a  less  obvious 
necessity,  sympathises,  and  the  periodicity  of  all  these 
formations  has  a  double  aspect.  They  fluctuate  in  mode  of 
distribution  as  well  as  in  vigour  of  development.  Spots, 
facuhe,  prominences,  and  corona,  all  vary  similarly  and 
simultaneously  in  heliographic  latitude  as  the  waves  of  dis- 
turbance rise  and  falL  The  spot-zones  are  not  stationary. 
They  shift  over  the  Kody  of  the  sun  according  to  a  definite 
law  enounced  by  Carrington  in  1859,  and  confirmed  by 
Spoerer  in    1861.'      At  maxima  they  occupy  mean  positions 

1  Gierke,  Hi*,  of  A*r.  pp.  US,  149,  4th  ed.  ;  8|<xrcr,  Potodam  Pull.  Bd.  I. 
jmrt  i.  1884. 
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in  about  fifteen  degrees  of  north  and  south  latitude  ;  then,  as 
the  cycle  advances,  they  close  together,  and  the  commotion 
Busily  ilk'-s  out  near  the  equator.  Meanwhile,  the  start  of  a 
new  wam  iii  high  latitudes  has  anticipated  the  termination 
of  the  old.  Feeble  at  the  commencement,  it  gains  strength 
its  it  departs  more  and  more  from  its  native  regions.  "  Mobili- 
tote  viget,  viresque  acquirit  eundo."  Fig.  17.  copied  from  a 
diagram  of  Spoerer'.M,  illustrates  the  nature  of  this  progres- 
sion. The  overlapping  of  the  curves  at  minimum  brings 
before  us  the  remarkable  circumstance  that,  as  a  consequence 
of  successive  disturbances  breaking  out  before  those  ante- 
cedent to  them  have  expired,  the  full  duration  of  each  is, 
not   eleven,  but   twelve  to   fourteen  years.     Moreover,  spot- 
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production  at  minima,  however  inactive,  has  a  twofold 
nidus ;  two  widely  separated  zones  in  each  hemisphere  are 
appropriated  to  it  A  further  characteristic  of  the  cyclical 
decline  in  latitude  is  that  it  proceeds  in  "waves."  "Every 
fourth  or  fifth  rotation  "  Mr.  Maunder  tells  us,  "  there  will  be 
an  effort  to  reach  a  higher  level,  a  lift  of  one  or  two  de- 
grees, and  then  a  gradual  slipping  back  until  a  fresh  effort 
brings  another  small  lift,  but  a  weaker  one  than  the  last. 
And  so  the  cycle  goes  on  :  the  decline  is  continual  on  the 
whole,  but  is  broken  and  interrupted  by  these  frequent  little 
struggles  to  get  bock  to  a  higher  plane." '  The  growth  in 
spotted  area  accompanying  the  descent  of  the  zones  is 
similarly  rhythmical  So  closely  connected,  indeed,  are  these 
two  modes  of  periodicity  that  irregularities  in  the  cyclical 
progression  frequently  show  under  the  double  aspect  of 
abnormal   outbreaks    of   spot*,  and    abnormal    movements   in 

1    KnowUdp,  vol.  «».  p.  131. 
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latitude.  Theories  are  accordingly  valueless  that  fail  to 
rationalist?  simultaneously  both  kinds  of  facts.  Several,  indeed, 
profess  to  do  so,  but  by  constrained  expedients. 

The  zonal  law  applies,  with  qualifications,  to  facule  and 
prominences.  Eruptive  prominences  are  strictly  governed 
by  it.  They  frequent  the  spot -belts,  it  may  be  said,  ex- 
clusively. The  quiescent  kiud,  on  the  contrary,  avoid  thern,1 
and  hive  their  main  nilhirtng  Mfffawh  within  fifteen  degrees 
of  either  pole.1  They  may  even  occur,  near  spot-maxima, 
right  up  to  90"  of  latitude.  As  activity  decreases,  however. 
■■■  m>i\i<  downward,  and  crowd  more  or  less  olflBty 
towards  the  equator,  although  maintaining  nt  all  times  H 
wider  range  than  spot-s.  Faculat  show  a  divided  allegiance. 
They  attend  on  spots,  and  their  principal  maxima  are  heno- 
liM.U.-d  with  tin-  spot-zone*,  while  their  affinity  with  (pint 
prominences  is  evinced  by  the  occurrence  of  secondary 
maxima  in  high  latitudes.  Not  that  their  local  arrangement 
is  the  same,  with  Lli.it.  of  prominences.*  Discrepancies  are 
frequently  noted ;  and  they  are  important  as  indications  that 
the  two  varieties  of  outgrowth  do  Hot  originate  under  identical 
conditions. 

The  succession  of  coronal  types  is  in  clear  accord  with 
the  law  of  zones.  Streamers  and  prominences  march,  on  the 
whole,  closely  together.  They  unanimously  quit  the  poles 
after  each  maximum ;  they  linger  in  company  over  middle 
latitudes,  where  "  synclinals  "  overarch  red  names  at  epochs  of 
medium  activity ;  finally,  they  descend  towards  the  equator, 
the  white  wings  of  the  minimum  corona  meeting  and  spread- 
ing above  the  last  members  of  each  decadent  eruptive  series. 

The  spectral  periodicity  of  the  sun  is  less  marked  than 
might  have  been  expected.  It  is,  indeed,  almost  confined  to 
spots.  The  ordinary  spot-spectrum  at  minimum  (to  repeat 
what  has  been  already  stated)  includes  many  broadened  iron 
lines,  replaced  at  maximum  by  vanadium  and  scandium 
absorption.  The  nature  of  the  individual  spot,  however  (as 
we  have  seen),  not  the  stage  of  the  cycle,  is  really  the 
determining  cause  of  this  diversity,  which  recurs  periodically, 

1  Finyi,  I'ubL  Haynald  Obterv.  Bd.  vi  p.  41. 

1  Matcari,  AHroph.   Journ,  vol.   ii.  p.  119  ;  Everahod,   Astr.  arul  A$trof*M. 
vol.  ii  h,  42«.  *  Maacari,  Attroph.  Joum.  voL  vt  p.  371. 
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Minplj  because  minimum  -  formations  are  usually  of  the 
tranquil  sort  The  chromospheric  spectrum  has  quite  other 
relations.  It  does  not  vary  fundamentally ;  but  the  metallic 
rays  temporarily  added  to  it  become  fewer  as  metallic  injec- 
tions fall  off.  Nor  is  the  quality  of  coronal  light  subject  to 
radical  change.  Only  the  relative  strength  of  its  constit- 
uents slightly  fluctuates.  In  the  "  winged  "  type  the  gaseous 
emissions  are  feebler  than  in  the  "  radiated  "  type  ;  yet  they 
are  always  present,  and  always  the  same. 

The  virtual  invariability  of  the  L'raunhofer  Hj>ectrum  in 
more  surprising,  since  the  reversing  strata  are  in  immediate 
contact  with  the  periodically  agitated  photosphere.  They 
preserve,  nevertheless,  an  almost  inviolable  tranquillity,  and 
their  composition  remains  unaltered  from  one  cycle's  end 
to  the  next.  A  single  recurrent  modification  is,  however, 
just  traceable.  It  is  that  produced  by  the  emergence,  at 
maximum,  of  the  facular  bright  lines  H  and  K.  Pro  tanto 
aud  pro  tempore*  the  symptom  constitutes  the  sun  a  "  bright 
line  star."  Analogous  detections  in  stellar  spectra  would 
afford  a  possibility  of  determining  the  spot-periods  of  globes 
in  the  solar  condition  ;  but  they  are.  for  the  present,  scarcely 
to  be  hoped  for.  The  observation  is  difficult  in  the  sun ;  in 
a  star,  unless  facilitated  by  extraordinary  facular  development, 
it  would  be  impossible. 

Tin-  th robbings  of  solar  agitation  affect  his  entire  system. 
In  how  many  ways,  and  by  what  hidden  means,  we  can  but 
vaguely  surmise.  Terrestrial  meteorology,  as  a  whole,  is 
certainly  embraced  in  the  great  cycle,  although  the  details 
of  its  conformity  baffle,  by  their  intricacy,  the  most  pains- 
taking pursuit.  Only  in  the  magnetic  department  there 
is  no  room  for  doubt.  A  thoroughly  satisfactory  discussion 
of  the  subject  was  completed  in  1898-99  by  Mr.  William 
Kills,1  who  for  long  years  controlled  this  branch  of  work  at 
Greenwich.  Comparing  the  observations  of  the  diurnal  range 
of  magnetic  declination  and  horizontal  force  made  at  the 
Royal  Observatory  during  the  years  1841  to  1896.  with  the 
Kun-s]Nit  numbers  for  the  same  interval  determined  by 
Wolf  of  Zurich,  he  found  between  the  two  orders  of  pheno- 
menon, not  only  a  general  parallelism,  but  a  correspondence  in 

1  /Voc  RopU  Society,  toL  Uiii.  ft,  M  \  JftmtA/y  A'crfwM,  vol.  lx.  \:  142, 
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ilti  utarities  of  period  and  secondary  variations  of  intensity. 
This  is  strikingly  evideut  in  Fig.  18,  copied  by  kind  permis- 
sion from  his  paper  read  before  the  Royal  Society,  10th  March 
1893. 

The  sympathetic  relation  extends  to  aurone.  They  even 
obey  a  "  law  of  zones  "  similar  to  that  regulating  the  distri- 
bution of  sun-spots.  The  earth  is  circled — presumably  in 
each  hemisphere — by  an  auroral  belt,  which  advances  into 
temperate  latitudes  at  epochs  of  cosmic  disturbance,  but 
retires  towards  the  polo  as  it  quiets  down.  The  reality  of  the 
connection  was  singularly  affirmed  by  the  simultaneous  dearth 
of  sun-spots  and  aurora  during  the  seventeenth  century. 
A  prolonged  solar  calm  appears  to  have  set  in  about  1643. 
Galileo  and  Schemer  had  been  at  no  loss  for  objects  of  study; 
but  the  diligence  of  their  successors,  although  unrelaxed,  went 
mostly  unrequited.  To  Cassini,  Flamsteed,  Hooke,  De  la 
Hire,  the  occurrence  of  a  spot  was  an  event  of  rare  interest, 
which  rewarded  perhaps  a  decade  of  fruitless  watching.  Vet, 
ae  Mr.  Maunder  says/  the  cycle  was  ■  submerged  "  rather  than 
actually  abolished,  ■  the  crests  of  a  sunken  spot  curve  "  being 
marked  by  the  solitary  spots  perceived  in  1660,  1671,  1684, 
1695,  and  1705.  Definitively,  the  protracted  minimum 
came  to  an  end  in  1716,  and  there  was  a  normal  maximum 
in  1718.  Meantime  aurora?  too  were  in  abeyance.1  None 
were  seen  in  England  from  1575  to  1706,  when  a  glimmer  of 
polar  lights  heralded  the  magnificent  display  witnessed  by 
Hulley,  17th  March  1716.  That  there  was  concomitant 
magnetic   quiescence  need    not  be    doubted ;    but    Gauss  of 

mgon  was  still  in  the  distant  future,  and  nothing  could 
be  known  on  the  subject. 

Individual  outbreaks  on  the  sun  are  often  unmistakably 
associated  with  commotions  of  the  terrestrial  magnetic  aystem. 
These  so-called  "storms"  are  world-wide  in  their  nature, 
abrupt  in  their  origin,  and  bear  witness  to  some  sudden  vital 
spasm  nttJtckmg  the  globe  as  a  whole,  und  at  once.  Auroras 
and  earth  <  (iu<  ni  <  make  part  of  these  mysterious  a  flections, 
which  commonly  reach  their  height  when  a  large  spot-group 
is  nearly  central  on  the  dfaV — that  is  to  say,  when  it  is 
broadside  on  to   the  earth.       Instances  abound.       On    17th 

■  Knevtmlyt,  vol.  ivii.  ,..  17fi.  ■  /W.  p.  200  (A.  M.  Clvrkt). 
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November  1882,  tin*  (itiotoKphere  was,  to  the  nuked  eye, 
conspicuously  renL  The  coincident  aurora  and  magn^i  u 
storm  were  said  to  "  beggar  description."  '  A  spindle-shaped 
beam,  which  darted  that  night  across  the  aky,  wils  imicd  a 
unique  phenomenon,  and,  on  its  farthing-cundle  scale,  recalled 
the  amazing  solar  flambeau  of  1st  Sepfembv  IBM.  Nor 
can  the  contemporaneous  twitehings  of  the  Kew  magnets  on 
this  latter  occasion  be  regarded  as  accidental,  any  more  than 
the  sudden  Biuall  disturbance  of  all  three  magnetic  element* 
which  accompanied  an  outburst  of  faculoun  light  on  17th 
•Tune  1891.*  The  magnetic  turmoil  ruinci  by  the  transit,  ol 
the  enormous  apot  of  February  1892  was  exceptionally 
violent.  Earth-currents  seriously  interfered  with  telephonic 
and  telegraphic  communication  iu  all  parts  of  our  busy 
world  ; '  the  noodles  ot  Greenwich  went  completely  off  the 
prepared  track  of  photographic  registration  ; 4  and  an  auroral 
|*geant  completed  the  programme  of  response.  Similar  con- 
currences were  observed  in  February  1894,  September  1896. 
and  March  1898,  to  mention  a  few  out  of  a  multitude  of 
■  -  Vet  the  sympathetic  conniption  i*  not  invariably 
manifest.  A  hole  in  the  sun  may  evoke  no  earth -trouble. 
Mr.  Maunder  hence  concludes  that  "  though  sun-spots  are  the 
particular  solar  phenomenon  most  easily  observed,  we  must 
not  therefore  infer  that  their  number  and  extent  afford  the 
truest  indication  of  the  changes  in  the  solar  activity  which 
produce  the  perturbations  we  remark  in  our  magnetic 
needles."6 

Not  the  spot  itself,  but  the  connascent  agitation  thrills  the 
terrestrial  organism.  Quiet  formations  pass  unheeded  ;  crises 
of  growth  or  reconstruction  meet  with  instant  rejoinders. 
Tacchini8  accordingly  holds  that  chromospheric,  not  photo- 
spheric  phenomena  are,  in  this  respect,  truly  influential,  and 
that  it  is  to  the  fierce  flame-rushes  above  spots  that  the 
magnetic  nerve-system  is  sensitive.  The  view  is  favoured 
with  some  hesitancy  by  Professor  Hale.'  Professor  Bigelow. 
as  the  result  of  much  suggestive  inquiry,  affirms  that  "  from 

1    Trans.  A  sir.  Society  </  Toronto,   lflW,  |<-  80. 
1  Observatory,  vol.  xiv.  p.  328.  *  (bid.  vol.  xv.  p.  143. 
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the  sun  to  the  earth  come  two  great  supplies  of  energy,  both 
types  of  radiation  through  the  ether " — one  propagated  by 
plane  waves,  the  other  by  vortical  rotation — "  and  possessing 
very  different  properties,  the  one  visible  to  the  eye,  the  other 
visible  to  magnetic  perceivera."  And  he  computes,  from 
various  indications,  a  value  for  the  normal  magnetism  of  the 
mm  about  one-fifth  the  maximum  of  steel,  which  may,  at 
epochs  of  extraordinary  disturbance,  be  augmented  fifty-fold.1 

Variations  in  the  sun's  electrical  state  assuredly  accompany 
his  more  obvious  cyclical  changes.  "  May  not,"  Dr.  Schuster 
asks,1  "the  periodicity  of  sun-spots  and  the  connection  be- 
tween two  such  dissimilar  phenomena  as  spots  on  the  sun  and 
magnetic  disturbances  on  the  earth,  be  due  to  a  periodically 
recurring  increase  in  the  electric  conductivity  of  the  parts  of 
space  surrounding  the  sun  ? " 

The  surmised  alteration  may  be  a  consequence,  it  can 
hardly  be  the  cause  of  solar  periodicity.  Its  actual  occur- 
rence, however,  is  far  from  unlikely.  Certain  cometary 
phenomena  lend  it  a  qualified  support.  The  grouping 
together  near  sun-spot  maxima  and  minima  respectively,  of 
the  bright  and  faint  apparitions  of  fincke's  comet  during 
a  century  (1786-1885),  forced  itself  upon  M.  Berberichs 
attention  in  1888s  Correspondences  of  this  unexpected  form 
were  even  traceable  with  displaced  epochs  of  activity,  such  as 
the  retarded  maximum  of  1788,  and  the  premature  maximum 
of  1837.  Some  indications  were  besides  gathered  that 
comet-discoveries  become  more  numerous  as  the  tide  of  solar 
energy  rises,  many  that  would  otherwise  pass  unseen  being 
lifted  into  visibility  by  accesses  of  transmitted  excitement. 
But  this  relation,  M.  Berberich  admitted,  might  be  more 
apparent  than  real 

One  still  more  recondite  and  unaccountable  has  been  lately 
adverted  to  by  Mr.  J.  Halm.*  He  contends  that  the  physical 
condition  of  the  sun  reacts  perceptibly  on  the  motion  of  the 
mrth.  Variations  in  its  orbital  elements,  which  have  hitherto 
baffled  attempts  at  explanation  on  gravitational  principles,  are 
comprised,  ho  finds,  within  the  ■  great "  spot  period  of  about 

'  A$tr.  amd  ^Jtrv/ftyric*.  vol.  *\\.  i».  717.  •  Ktport  Brit.  Ail  ISM,  p.  6M. 
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sixty-five  years.  The  obliquity  of  tin-  ■aUptaO,  for  instance, 
instead  of  decreasing  uniformly  with  the  time,  shows  subordi- 
nate fluctuations  synchronising  with  tin*  long  w»vw  of  solur 
activity.  Its  shorter  waves,  on  tbe  other  hand,  prove  to  be 
influential  upon  the  variation  of  latitude.  Mr.  Halm  considers 
that  the  deviations  of  the  terrestrial  pole  conform  unmistak- 
ably to  the  eleven-year  cycle,  with,  however,  a  lag  of  about 
one  aud  a  half  years  in  the  corresponding  epochs.  "  It 
may,"  he  writes,  "  be  taken  to  be  clearly  established  that  the 
radius  of  the  circle  described  by  the  pole  of  inetantaueous 
rotation  is  greatest  at  times  of  sun-spot  minima,  and  smallest 
at  times  of  maximum  displays  of  solar  spots."  ThiB  ■  holds 
true,"  he  adds,  "  fur  the  whole  interval  of  about  sixty  years 
now  covered  by  Dr.  Chandler's  investigations."  His  ex- 
planatory hypothesis  is  both  simple  and  ingenious.  It  depend* 
upon  the  large  inclination  of  the  earth's  magnetic  axis  to  its 
axis  of  figure,  combined  with  alterations,  due  to  solar  inlluenoa, 
in  the  total  magnetism  of  our  planet.  Molecular  strains 
along  the  magnetic  axis  would — it  is  plausibly  assumed — 
occasion  bodily  distortions  of  the  globe,  whence  should  result 
displacements  of  the  axis  of  figure  relative  to  the  axis  of 
rotation.  "  The  outcome  of  this  hypothesis  would  then  "  be 
that  changes  in  the  state  of  solar  activity,  since  they  produce 
a  measurable  effect  on  the  terrestrial  magnetic  forces,  should 
also  be  accompanied  by  corresponding  changes  in  the  motion 
of  the  earth's  axis." 

The  machinery  by  which  electromagnetic  impulses  are 
propagated  from  the  sun  to  the  earth,  completely  evades 
scrutiny.  Sundry  conjectures  on  the  subject  have  been 
hazarded,  but  none  of  them  rest  on  any  sure  basis.  What  we 
know  about  modes  of  communication  is  chiefly  negative.  Thus, 
Hertzian  vibrations  are  not  transmitted  to  the  earth  with 
sunlight.  They  do  not,  at  least,  reach  its  surface.  Wilsing 
and  Scheiner  tried  for  them  in  vain  with  an  electric  "  bridge  " 
and  a  galvanometer.1  They  might,  indeed,  as  the  experi- 
menters noted,  be  atmospherically  arrested.  All  that  seems 
certain  is  that  direct  magnetic  action  is  concerned  in  pro- 
ducing the  observed  perturbations  of  the  terrestrial  magnetic 
system,  whicti  are  not  explicable  like  ordinary  meteorological 

>    WtidemaniC*  Annalcn.  Bd.  lix.  p.  782,  18»6. 
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pbonoaMOA  as  effir.ts  of  Lhunnal  vicissitudes,  ur  couvective 
air  currents.1  They  stand  apart,  mid  impl/  special  conditions 
which  cannot,  without  detriment  to  science,  be  ignored 

Little  progress  has  been  made  toward**  ascertaining  the 
cause  of  solar  periodicity.  We  are  only  assured  that  it 
is  not.  imposed  from  without,  but  arises  from  within ;  it 
resembles  a  "  free,"  rather  than  a  "  forced  vibration."  This 
conclusion,  it  is  true,  tends  to  relegate  the  matter  to  obscurity  : 
for  the  interior  of  the  sun  is  a  terra  incognita,  and  seems 
likely  to  remain  so.  His  cyclical  changes  may  belong  to  his 
original  constitution  :  they  may  date  from  nebular  times,  and 
be  as  inhere ut  as  the  tone  of  a  U'll.  Or  they  may  simply 
characterise  a  stage  of  growth,  and  prove  liable  to  modification 
and  tftacenient.  The  study  of  variable  stars  will  perhaps  help 
to  guide  our  ideas  as  to  the  probabilities  of  the  case. 

Its  full  bearings,  meanwhile,  can  only  be  conjectured. 
The  scope  of  the  disturbance  needs  to  be  defined.  There  are 
still  many  ojien  question?*  connected  with  it.  I)oes  the 
'  smoke-veil  "  absorption  vary  with  the  abundance  of  spots? 
Axe  the  temperature  of  the  photosphere,  and  the  depth  of  the 
chromosphere  affected  by  it  ?  Can  periodical  changes  of 
pressure  in  the  reversing  layer  be  detected  ?  These  are 
among  the  problems  of  the  immediate  future.  They  are 
already  within  reach  of  attack. 

'    Bigelow,   fitptnt  an  SoUr  and  TnratriaJ  Magnetic*,  y.  14. 
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Moojckn  science  contemplates  in  the  suu  u  huge  sphrn- 
867,000  miles  in  diametrr,  Ijoiiudeil  by  1  dazzling  cloud-shell, 
and  composed  of  materials  1*4  times  heavier  than  water,  yet 
baited  so  far  above  the  "  critical  temperature  "  of  any  terres- 
trial substance,  that  they  must  be  regarded  as  in  the  gaseous 
state.  The  imperious  demands  of  radiative  emission  can  lw< 
met  ouly  by  rapid  exchanges,  implying  the  unceasing  activity 
of  n  system  of  profound  vertical  currents;  while  rotational 
surface-drifts  of  a  peculiar  kind  notify  complexities  of  internal 
movement  defying  speculation  or  research.  Incidental  to 
them,  doubtless,  are  the  dark  spots  marring,  at  times,  the 
brightness  of  the  disc,  and  giving  evidence,  by  their  more  or 
less  copious  occurrence,  of  that  far-reaching  periodicity  which 
may  be  called  the  central  fact  in  solar  physics.  Spots  are 
garlanded  with  facials?,  which  represent  photoepheric  upheavals ; 
and  above  them,  to  a  height  of  some  hundreds  of  miles,  rise 
the  metallic  vapours  producing,  by  their  absorption,  the 
Fraunhofer  lines.  The  reversing  strata  seem  to  be  continuous 
with  the  chromosphere,  although  the  nearly  perfect  trans- 
parency of  the  latter  establishes  a  noteworthy  distinction 
between  the  two  formations  ;  but  the  corona  is  a  thing  by 
itself,  sharply  separated,  physically  and  spectroscopically,  from 
every  other  appendage  of  the  sun.  It  has,  of  course,  relations 
with  them,  just  as  our  air  has  with  the  ocean  it  surmounts — 
relations,  however,  that  do  not  even  verge  towards  a  confusion 
of  identity. 

The  two  fundamental  problems  connected  with  the  nature 
of  the  sim  are  its  rotation  and  its  periodicity.     They  may  be 
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quite  closely  allied,  and  in  regard  to  both,  "  counsels  of  despair  " 
have  begun  to  prevail.  The  spot-cycle,  like  ■  Carrington'* 
law,"  is  set  down  as  a  congenital  peculiarity,  and  the  mists  of 
the  past  are  invoked  to  cover  the  perplexities  of  the  present. 
There  seems  little  immediate  prospect  of  their  being  removed. 
Early  modes  of  investigating  the  subject  have  had  no  striking 
success,  and  fresh  ones  await  development.  So  operations  have 
come  bo  a  pause,  yet  by  no  means  to  a  dead-lock  The  diffi- 
culty of  learning  how  the  phenomena  are  occasioned  should 
only  stimulate  diligence  in  unmasking  and  tabulating  them. 
The  ramifications  of  the  period  can  l»e  followed  out,  even  if  we 
cannot  get  at  its  roots,  and  there  are  signs  that  they  will  be 
found  to  take  unlooked-for  directions.  Similarly  as  regards 
the  sun's  rotation.  Explanatory  hypotheses  avail  little,  but 
the  sifting  of  facts  avails  much.  The  case  has  not  yet  been 
fully  stated.  Lacuna?  need  to  lie  filled  up,  anomalies  to  be 
smoothed  away,  errors  to  be  corrected.  In  the  doing  of  all 
this,  a  clue  to  the  labyrinth  may  present  itself. 

The  nature  of  sun-spots  must  long  be  under  discussion. 
(Questions  of  extreme  interest  are  involved,  some  of  them  being 
visibly  answerable,  since  criteria  are  at  hand  to  determine 
which  way  the  truth  lies.  Discriminative,  rather  than 
numerous  observations  will  serve  the  purpose.  The  relations 
of  faculi-  with  prominences  offer  another  promising  topic  of 
inquiry,  as  well  as  those  of  prominences  with  coronal  streamers. 
But  this  last  is  on  eclipse-problem,  and  so,  unluckily,  is  at 
present  the  entire  subject  of  the  corona.  No  pains,  however, 
will  be  spared  in  order  to  bring  to  bear  upon  it  the  full  resources 
of  daylight  investigation.  As  to  whether  they  will  be  re- 
warded or  no,  the  balance  of  forecast  swings  pretty  even. 
The  unfolding  of  some  condition,  now  hidden,  may  incline  it 
either  way. 

Solar  spectroscopy  presents  a  variety  of  aspect*.  It  can 
be  studied  from  the  chemical,  thermal,  electrical  point  of  view  . 
pressure,  density,  motion,  possibly  magnetic  stress,  are  con- 
cerned in  it  Nothing  in  this  branch,  however,  is  more 
hllll Willi!  than  the  spectral  diversities  of  the  vurious  solar 
formations,  or  even  of  different  parts  of  the  same  formation. 
Thus  each  section,  some  few  miles  thick,  of  the  reversing 
Uycr  is  probably  distinguished  by  emissive  modifications ;  and 


tho  Fraunhofer  spectrum  integrates  the  absorption  of  them 
all.  The  spot-spectrum  is  a  more  pronounced  variety ;  the 
chromospheric  spectrum  is  largely,  the  coronal  spectrum,  wholly 
peculiar.  Now  the  task  of  interpreting  these  several  scripts 
U  not — could  not  be — easy;  yet  solar  chemistry  ia,  in  the 
main,  less  unfamiliar  than  might  have  been  expected.  It 
includes  only  one  element — coroniuni — that  can  be  clearly 
distinguished  as  terrestrially  unknown.  For  unidmt-ihVil 
lines  are  not  necessarily  of  exotic  origin,  as  ia  proved  by  the 
rapid  progress  of  their  recognition  in  the  Fraunhofer  spectrum 
pari  jkixsu.  wit!)  advances  in  the  photographic  registry  of 
metallic  spectra.  Nor  is  it  probable  that  spot-cavities  harbour 
strange  forms  of  matter.  The  vaporisation  in  them  of  rare 
metals  guflieiently  explains  what  long  appeared  enigmatical 
in  their  absorptive  action. 

With  the  substitution  of  known  for  unknown  substances 
in  the  sun,  a  leading  argument  for  dissociation  vanished.  In 
this  view,  the  supr&mundane  species  giving  lines  experi- 
mentally unrecorded  were  chemical  fragments  of  our  elements 
broken  up  by  enormous  heat.  But  if  no  supnimuriduiii* 
species  exist,  the  elements  presumably  remain  intact. 
Absolute  stability  it  would  indeed  be  extremely  rash  to 
ascribe  to  them;  yet  it  is  certain  that  their  individuality 
survives  fierce  ordeals.  Evidence  of  other  kinds  tends  towards 
the  same  conclusion.  Mr.  Jewell's  critical  examination  of  the 
Fraunhofer  rayB  indicated  for  the  shadings  attached  to  certain 
iron  and  calcium  lines  an  origin  quite  close  to  the  photosphere.1 
This  goes  far  towards  demonstrating  the  integrity  of  extremely 
complex  molecules  at  the  highest  temperature  prevailing  near 
the  sun.  Outbursts  of  heat  from  the  interior  there  may  be, 
reaching  a  still  more  exalted  pitch ;  but  they  must  be  transi- 
tory, since  cooling  by  expansion  should  promptly  and  potently 
affect  them.  Further,  the  thermal  relations  of  the  terrestrial 
elements  are  distinctive  and  uniform.  If  these  bodies  are  not 
really  simple,  they  are  at  least  compounds  of  a  different  order 
from  those  known  to  be  such,  and  artificially  producible. 
Finally,  the  extensive  detection  of  spectral  series  invalidates 
the  "  one  line,  one  element "  principle  which  underlies  most 
of  the  arguments  for  dissociation.     Unity  of  origin  is  emphatic- 

1  Aitropk.  Journ.  toL  iiL  p.  112. 
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.illy  •  lainied,  not  only  by  each  series,  but  by  each  connected 
wt  of  series.  Researches  into  the  essential  nature  of  mattei 
have,  however,  entered  upon  a  new  phase  through  the  aid  ol 
what  we  may  call  electrical  analysis,  in  which  "  ions  "  play  the 
part  of  atoms  in  chemical  analysis ;  and  their  outcome  may 
perhaps  aid  in  the  solution  of  many  intricate  solar  problems. 

There  is  a  strong  temptation  to  transfer  to  the  sun  the 
conditions  prevailing  on  the  earth,  and  to  model  solar  upon 
terrestrial  meteorology.  This  was  the  line  taken  by  M.  Egon 
von  OppoLzer  in  1893.  He  admitted,  indeed,  that  it  traversed 
dangerous  ground,  in  view  of  the  wide  divergences  of  opinion 
ji-;  in  ihr  nature  of  atmospheric  proOBM  belonging  to  iiiuiir- 
diate  and  everyday  experience.  Still  he  judged  it  safe  to  apply 
the  kinetic  theory  of  gases  and  the  dynamical  theory  of  heat 
to  the  determination  of  the  state  of  equilibrium  in  the  sun's 
aerial  appendages.  The  results  were  scarcely  encouraging. 
At  elevations  of  one  second  of  arc,  or  4  50  miles,  above  the 
photosphere,  the  prevalent  temperature  was  found  to  be 
14,000°  C.  lower  than  at  its  surface,  which  should  hence  be 
extravagantly  hot.  And  although  this  inconvenience  wus 
abated  by  forced  assumptions,  it  could  not,  on  the  principles 
adopted,  be  removed.  They  involved,  for  example,  a  rise  of 
temperature  in  downwurd  currents  to  the  extent  of  at  least 
5000°  for  each  descent  of  450  miles.  Spots  were  regarded 
as  "  places  of  extreme  alternations  of  temperature," '  where 
abnormally  hot  layers  cover  anticyclonic  regions  of  increased 
pressure  and  reduced  thermal  excitement  They  are  "  produced 
indirectly  through  a  sinking  down  of  masses  upon  the  photo- 
sphere, and  directly  through  extraordinary  radiation,  brought 
about  by  transparency  of  the  overlying  region."  To  counter- 
balance descending  movements  in  the  spot-zones,  a  continuous 
uprising  of  heated  matter  was  supposed  to  progress  at  the  poles, 
constituted  so  far  the  analogues  of  our  equatorial  belt  of  calms 
Two  great  permanent  cyclones  were  thus  centred  on  the  axis 
of  the  sun.  They  had  important  functions  assigned  to  them. 
Upon  their  regulative  power  was  made  to  depend  the  working 
of  the  entire  machine,  and  solar  periodicity  itself  was  referred 
to  the  alternate  relaxation  and  enhancement  of  their  activity 
They  were,  nevertheless,  a   purely  arbitrary  creation.      Not  so 

'   AUr.  am*  AitrajJiymct,  vol.  xit  p.  740. 
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much  as  a  tortoise  in  mid-air  was  provide i  lor  iho  cirih- 
hearing  elephant  to  etand  upon.  The  Author  claimed,  it  is 
true,  onlj  the  merit  of  simplification ;  yet  the  contrast  of 
conditions  between  the  earth  and  the  Hun  largely  vitiated 
his  reasonings.  Atmospheric  circulation  on  the  earth  in 
•  .1  imtnined  by  external  heat;  agitations  on  the  sun  by 
internal  heat ;  they  depend  absolutely  upon  processes  of  cool- 
ing. Hence  the  impossibility  of  assimilation.  Trade  winds 
and  cyclones  lack  in  the  sun  the  driving  power  by  which 
they  arc  kept  going  on  the  earth.  They  are  characteristic  of 
.1  pl;itn'!;iry  UkIv — of  a  globe  titnliind  from  without. 

Eruptive  hypotheses  of  the  solar  constitution  have  been 
proposed  under  various  forms  by  a  succession  of  writers — 
by  Secchi.  Faye,  Lockyer,  Schaeberle,1  Young,3  Sidgreaves.5 
Here,  at  any  rate,  we  are  in  touch  with  reality.  Volcanic 
forces  are  powerful  in  the  sun,  which  might,  in  a  sense,  be 
described  as  organised  upon  a  volcanic  basis.  The  conditions 
of  upheaval  are  everywhere  at  baud  ;  only  some  casual  relief 
of  pressure,  or  access  of  heat  is  rieoded  to  provoke  an  actual 
explosion.  Settling  down  on  the  photosphere  in  a  cooled, 
though  still  gaseous  state,  the  products  of  eruption  would  then 
give  rise  to  spot-phenomena.  Dark  patches  would  mark  the 
effects  of  their  general  and  special  absorption  of  light,  while 
faculas  and  flames  attested  the  vehemence  both  of  the  original 
outbursts,  and  of  those  reactively  started  by  their  partial 
subsidence.  Procedures  of  this  kind  on  the  sun  appear  in- 
evitable ;  they  at  least  count  for  something,  if  they  do  not 
explain  everything. 

A  curiously  subversive  theory  in  solar  physics  was  pro- 
pounded in  1891  by  Dr.  August  Schmidt.4  Its  interest,  how- 
ever, is  largely  academic.  Yet  it  is  no  illusory  speculation. 
It  rests  upon  a  sound  foundation,  and  emphasises  an  undeniable 
truth.  The  mode  of  action  brought  into  prominence  by  it 
necessarily  plays  a  part  in  modifying  the  aspect  of  the  heavenly 
bodies ;  the  only  question  open  is  whether  the  part  is  con- 
spicuous or  insignificant. 

The  laws  of  atmospheric  refraction  were  traced  to  their 

1  Astr.  and  jMtTophysic*.  vol.  xiii.  \v.  278.  2  The  Sun,  p.  187. 

■  Artr.  and  AMrop/tyrie*,  vol.  xii.  p.  833. 

*  DU  SlraJUenbreehung  au/  der  Sonne,  Stuttgart,  1691. 
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ultimate  consequences  by  Summer  in  I860.1  Some  of  them 
are  remarkable. 

The  visual  lifting  of  extra-terrestrial  objects  results,  as  is 
familiarly  known,  from  the  inflected  character  of  the  paths 
pursued  by  light-rays  through  our  air.  A  beam  reaching  a 
spectator  at  sea-level  from  a  horizontal  direction  is  really  bent 
upward  with  a  curvature  one-seventh  that  of  the  earth  itself. 
But  on  a  globe  of  seven  times  the  earth's  radius — other  things 
remaining  the  some — the  refracted  ray  would  possess  identi- 
cally the  curvature  of  its  surface,  to  which  it  would  accordingly 
run  parallel  for  ever,  or  until  extinguished  by  absorption.  It 
would  never  reach  the  eye  of  a  spectator.  "  Circular  refrac- 
tion "  would  take  effect  upon  it.  A  similar  fate  would  befall 
a  ray  starting  horizontally  from  the  surface  towards  outer 
space,  instead  of  attaining  to  which,  it  should  follow  an  unend- 
ing round  within  the  air.  On  Jupiter,  this  critical  Btage  must 
be  considerably  overpassed.  From  a  Jovian  atmosphere  of 
the  proportionate  mass  of  the  earth's,  light  could  only  escape 
at  angles  of  elevation  exceeding  3°  22V 

Applying  his  fonuuhe  to  the  sun,  Schmidt  found  that 
circular  refraction  would  there  be  produced  in  a  hydrogen 
atmosphere  at  a  temperature  of  10,000°  C,  and  of  one- 
ninth  the  standard  density  of  air.  The  upshot  was  to 
■  explain  away  "  most  of  the  solar  appendages.  The  photo- 
sphere he  showed  to  be  an  optical  illusion,  arising  at  the 
surface  where  circular  refraction  just  comes  into  operation  in 
an  incandescent  gaseous  globe  diffusing  uniformly  outward. 
The  difficulty  was  thus  overcome  of  accounting  for  the  visibly 
sharp  separation  between  the  dense  body  of  the  sun  and  its 
tenuous  surroundings ;  while  a  phantasmagoria  of  granules, 
spots,  flames,  aud  facula*  was  easily  evoked  on  the  supposition 
of  irregular  refractions  within  the  seeming  disc.1  To  this 
dubious  locality,  the  reversing  layer,  too,  was  transferred  by 
Dr.  Knopf  of  Jena,  who  hailed  the  speculation  as  the  dawn  of 
a  new  era  in  solar  physics.  Hence,  opposite  displacements 
of  the  Kraunhofer  lines  cannot  be  a  rotational  effect,  and  the 
singular  accordance  of  what  they  should  be  on  that  supposition 
with   the  measures  actually  obtained,  is  the  outcome  of  pure 

1  JfoneUMbencAte,  Uerlin,  1S0O,  j>.  40fi. 
*   Knopf,  AMr.  AM.  No.  31VV.  »  .Virtu*  IM,  p.  17* 
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accident.  But  this  is  extravagant  and  unthinkable — a  reductto 
ad  absurdum  of  the  optically  composed  sun.  Plainly,  the 
whole  theory  is  in  the  air.  Its  reasonings,  to  be  sure,  are 
mathematically  valid ;  but  they  refer,  as  Dr.  Seeliger  has 
pointed  out,1  to  an  ideally  transparent  globe,  from  which  the 
absorptive  effects,  prominent  in  the  sun.  art*,  absent.  The  solar 
spectrum,  besides,  fails  to  be  accounted  for  by  thein  "  on  the 
accepted  principles  of  physics." '  Nor  can  practised  observers 
of  the  solar  surface  readily  be  persuaded  that  they  have 
watched,  not  realities,  but  mirage-eifecta.  In  dismissing  the 
hypothesis  as  untenable,  the  important  inforence  was,  however, 
retained  by  Professor  Frost  "that  refraction  within  and  on  the 
son  itself  may  modify  in  some  considerable  degree  "  observed 
phenomena. 

An  ingenious  corollary  has  been  added  to  Schmidt's 
theory  by  M.  Julius  of  Amsterdam.'  It  was  suggested  by 
certain  anomalies  in  the  dispersive  action  of  sodium-vapour 
upon  light,  noticed  by  Bocquerul,  and  confirmed  by  Iriinsolf. 
They  led  him  far.  He  was  conducted  by  them  U>  opt.i<  ;il 
explanations  of  the  "  flash  "  spectrum,  of  the  broadening  of  lines 
in  sun-spot  spectra,  and  of  line-displacements,  usually  inter- 
preted on  Lioppler's  principle.  They  are,  however,  given  under 
reserve,  and  can  be  tested  by  comparing  the  lines  affected  in 
the  sun  with  those  in  the  vicinity  of  which  special  refraction 
is  exerted.  This  is  a  laboratory  task,  which  M.  Julius  himself 
is  well  qualified  to  discharge.  Should  the  provisionally- 
assumed  correspondences  be  found  to  subsist,  the  arguments 
for  the  phantasmic  character  of  solar  appurtenances  will 
have  gained  imposing  strength.  But  such  a  result  cannot 
reasonably  be  anticipated.  Refraction  on  the  sun  is  likely, 
owing  to  the  extreme  rarity  of  the  medium  in  which  it 
should  take  place,  to  be  of  evanescent  effect.  Only  in  spot- 
cavities,  it  may  perceptibly  affect  appearances.  The  entire 
matter,  nevertheless,  deserves  to  be  thoroughly  sifted,  and 
cannot  in  future  be  forgotten  or  ignored. 

Here  again  a  fresh  prospect  is  opening  into  view,  and  many 
others  invite  exploration  by  difficult  and  devious  routes.  For 
solar  science  does  not  become  less  arduous  as  it  advances. 

1  Atlr.  Xaeh.  No.  3187.  3  Prott,  AMroph.  Journ.  toL  it.  p.  l»fl. 

1  Ibid.  toI.  xii.  p.  185. 


168  PROBLEMS  IN  ASTROPHYSICS 

One  of  the  surest  marks  of  progress  in  any  branch  is,  indeed, 
the  development  of  new  and  unforeseen  problems.  And  the 
sun,  as  we  have  learned  by  degrees  to  recognise,  is  a  body 
organised  in  too  complex  a  method  for  easy  apprehension.  We 
perceive  that  its  energies  are  specially  directed ;  the  purpose 
of  the  machine  is  obvious,  and  it  is  admirably  fulfilled.  In 
part  we  can  see  how,  but  much  remains  mysterious.  Right  to 
the  core  of  the  mystery  we  may  never  penetrate ;  nature  is 
virtually  invincible  by  man ;  but  in  urging  our  way  forward, 
we  shall  gain  continually  larger  and  more  lucid  views. 


PABT  II. 
PROBLEMS    IN    SIDEREAL    PHYSICS. 


CHAPTER    I. 

FBOGRS83    OF    3IDEBEAL    ISBK& 

Sidkekal  physics  includes  stellar  and  nebular  physics;  the 
two  branches  cannot  bo  separated,  They  have  interlacing 
offshoots,  and  progress  during  the  last  hundred  year*?  hat* 
tended  more  and  more  to  unite  them  in  one  main  stem. 
Objects  closely  akin  are  dealt  with  in  both,  and  they  arc 
dealt  with  by  methods  substantially  the  same.  Stars  and 
nebula;  are  nut  only  related  as  fellow-members  of  the  grand 
galactic  system,  but  they  coexist  in  numerous  sky  regions, 
and  often  in  such  float-  connection  that  it  is  difficult  to  define 
them  apart.  A  nebula  with  a  stellar  nucleus  can  scarcely  be 
distinguished  from  a  nebulous  star,  and  nebula  altogether 
devoid  of  star-like  condensations  are  perhaps  nonexistent. 
Chemical  affinity  ratifies  visual  conjunction.  Spectroscopic 
classification  proceeds  from  stars  to  nebulas  with  hardly  a 
break.  The  establishment  of  an  exceedingly  low  standard  of 
density  for  certain  varieties  of  stars  forges  an  additional  link 
between  the  two  sidereal  orders.  For  it  brings  to  our  ac- 
quaintance bodies  in  a  transition-stage  from  nebular  diffuse- 
ness  to  solar  condensation — bodies  attracting  feebly  while 
radiating  powerfully.  Variability  in  light  is  another  quality, 
the  common  possession  of  which  by  stars  and  nebulae  has 
recently  been  placed  beyond  doubt ;  and  strong  evidence  is 
forthcoming  that  binary  systems  occasionally  consist  of  a 
stellar  and  a  nebular  member,  united  by  origin  and  insepar- 
able to  all  time. 

The  methods  of  solar  and  sidereal  physics  do  not  differ 
fundamentally;  all  alike  depend  in  the  main  upon  light- 
analysis  and  chemical  delineation,  and  resort  to  direct  tele- 
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scopic  observation  only  as  a  subsidiary  expedient.  The  aims 
of  sidereal  science  are,  however,  profoundly  modified  by  the 
remoteness  of  the  objects  it  is  concerned  with.  Many  kinds 
of  inquiry,  successfully  prosecuted  in  regard  to  the  sun,  are 
impracticable  for  application  to  suns  deprived  by  distance  of 
sensible  dimensions.  Surface-phenomena  are  in  them  wholly 
out  of  reach,  no  less  than  the  paraphernalia  that  lend  their 
glory  to  total  eclipses.  No  star  sends  us  more  than  a  single 
pencil  of  light,  collected  indiscriminately  from  a  wide  hemi- 
spherical area  to  the  obliteration  of  its  local  peculiarities. 
Spots,  flames,  facula?  (if  such  there  be)  mix  their  rays  in- 
extricably together;  fur  stars  have  no  parts.  But  while  their 
distance  narrows  in  some  directions  the  scope  of  possible 
inquiries  concerning  them,  their  multitude  immensely  widens 
it  in  others.  They  are  not  all  similar,  and  their  differences 
supply  grounds  for  a  classification,  the  import  of  which 
deepens  with  every  advance  in  physical  knowledge.  Delicate 
spectral  traits  are  found  to  be  indexes  to  conditions  of 
temperature,  density,  magnetic  strain,  or  electrical  excitation, 
in  part  imitable  in  the  laboratory,  in  part  transcending,  and 
hence  contributing  to  enlarge  terrestrial  experience.  Classi- 
fication, moreover,  is  dominated  by  the  idea  of  development. 
Comparative  sidereal  study  leads  inevitably  to  far-reaching 
speculations  on  coamical  growth. 

The  sun  is  solitary;  he  exercises  a  "sole  dominion."  But  it 
is  not  so  with  all  his  compeers.  Nor  are  the  mutual  relations 
of  those  linked  together  expressed  solely  in  terms  of  motion. 
They  do  not  fall  within  the  exclusive  competence  of  the  mathe- 
matical astronomer.  They  involve  constitutional  modifica- 
tions of  profound  import.  Coupled  stars,  clustered  stars,  stars 
immersed  in  or  attached  to  nebulre,  are  probably  subject  U> 
influences,  the  nature  and  modes  of  action  of  which  r- 1 
largely  obscure.  Their  investigation  has,  however,  been 
tentatively  set  ou  foot,  and  may  give  results  of  peculiar 
interest.  Thus  sidereal  science  extends  and  supplements 
solar  science.  It  assigns  to  the  sun  its  status  in  the  universe  ; 
it  provides  objects  with  which  it  can  bo  compared  or  con- 
trasted The  two  modes  of  knowledge  mutually  act  and 
react ;  what  one  acquires  the  other  assimilates.  The  progress 
of  each  is,  by  this  comparative  action.  i|uickened  and  assured. 
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The  population  of  the  heavens  is  so  dense  that  general 
conclusions  as  to  its  characteristics  can  be  attained  only  by 
statistical  methods.  And  to  employ  these  rllectively,  th«- 
r.i:iiin;i;ul  ol'  v:ihI  ucisses  of  information  14  EtqofaBd.  Dtt> 
must  accordingly  be  secured  wholesale,  and  the  necessity  has 
t>eco  met  by  the  creation  of  a  world-wide  international 
organisation.  But  its  mills  grind  slowly,  and  individual 
enterprise  will  not  be  stayed.  Sir  David  Gill  has  already 
completed,  in  the  Cape  Durckmusttrung,  a  preliminary  work 
designed  purely  in  the  interests  of  geometrical  astronomy,  bnt 
fraught  with  importance  to  cosmical  physics.  Professor 
Kapteyn  of  Leiden,  who  undertook  the  examination  and 
■fltBurcmcnt  of  :'i'  [lit'-:.  (bAtffld  i<-l.  ti<>t/ hi]--  Ulliiumu  Un 
kind  of  spectrum  given  by  the  stars  imprinted  upon  them 
and  the  mode  of  their  scattering,  which  promise  to  affect  more 
and  more  profoundly  all  future  conceptions  of  the  universe. 
Hints  of  their  prevalence  had,  it  is  true,  been  already  gathered. 
Father  Seeehi  noticed  long  ago  that  spectral  types  ore  not 
indifferently  distributed  over  the  sky,  a  conspicuous  example 
of  local  preference  being  afforded  by  the  constellation  Orion, 
which  might  be  described  as  a  colossal  group  of  helium  stars. 
The  work  ot  Pickering,  McClean,  and  others  has  also  brought 
out  the  facts  that  the  Milky  Way  is  a  distinctive  spectro- 
scopic region,  and  that  the  stellar  tribes  in  general  show 
aggregative  tendencies  not  to  be  mistaken.  Astrophysical 
considerations  then  enter  into  discussions  of  celestial  struc- 
ture ;  they  are  not  wholly  alien  to  questions  as  to  how  the 
heavens  move.  The  monumental  "  Draper  Catalogue "  of 
stellar  spectra  served  as  the  foundation  of  most  of  these 
extensive  researches ;  and  the  entire  bulk  of  photographic  and 
spectrographic  data  collected  at  Harvard  College  with  astonish- 
ing persistence  and  skill  during  the  last  score  of  years, 
lias  incalculably  promoted  the  larger  interests  of  sidereal 
astronomy. 

Physical  and  descriptive  catalogues  of  nebula?  are  still  a 
desideratum.  The  materials  for  their  compilation  are,  indeed, 
lacking.  Comparatively  few  such  objects  have  been  examined 
with  the  requisite  care.  They  are  not  easily  dealt  with. 
Those  of  a  gaseous  nature  are  strongly  characterised  by  rays 
high    up   in   the   ultra-violet,  where  absorption  by  glass   is 
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formidably  effective.  Their  due  photographic  registration  is 
then  feasible  only  by  means  of  reflecting  telescope*  combined 
with  prismatic  apparatus  of  crystal  and  rock-salt,  or  some 
other  materials  transparent  to  the  shortest  wave-length* 
Bnt  since  these  special  arrangements  are  rarely  made,  nebular 
spectrography  makes  slow  progress.  Its  conditions,  in  the 
case  of  ■  white  "  nebula?,  are  still  more  embarrassing.  Nor  are 
they  much  alleviated  by  substituting  direct  vision  for  the 
camera.  All  nebulae  are  intrinsically  faint,  and  most  give 
continuous  spectra.  A  scant  supply  of  light  makes,  however,  a 
much  better  show,  as  can  readily  be  imagined,  when  con- 
centrated in  a  few  bright  lines,  than  when  dispersed  un- 
interruptedly along  the  colour-scale.  To  the  eye,  the  resulting 
variegated  streak  is  dim  and  featureless ;  the  sensitive  plate 
takes  cognisance  of  it  only  under  the  compulsion  of  prolonged 
exposures,  and  then  imperfectly.  The  task  of  overcoming 
these  obstacles  is  arduous,  yet  far  from  hopeless.  It  has 
been  taken  in  hand,  and  on  the  success  attending  its  pro- 
secution the  future  of  nebular  physics  essentially  depends. 

The  discovery  of  helium  as  a  terrestrial  element  marked  a 
fresh  point  of  departure  in  the  chemistry  of  the  heavenly 
bodies.  Its  leading  chroinospheric  ray,  D8,  had  already  been 
noted  as  an  emission-line  in  the  Orion  nebula  by  Dr.  Cope- 
land,  as  an  absorption-line  in  Rigel  by  Professor  Keeler; 
but  this  was  only  preliminary  to  what  was  to  follow  when 
recognition-marks  were  multiplied  by  complete  experimental 
Jicqu&intance  with  the  associates  of  the  yellow  beam.  One  of 
these,  a  line  in  the  blue  <\  4472),  is  much  more  conspicuous 
in  stellar  spectra  than  D„  and  it  was  established  by  Vogel  in 
1895,  with  other  members  of  the  conjoined  series,  as  dis- 
tinctive of  a  large  class  of  "helium  stars."1  Some  insight 
was  thus  gained  into  the  extraordinary  profusion  with  vfai  b 
this  strange  gas,  so  sparingly  occluded  by  the  earth,  is 
dispensed  to  the  suns  in  space.  In  order  to  show  spectro- 
rtcopically,  it  must,  as  already  stated,  be  voluminously 
present  in  a  glowing  atmosphere.  Its  rays  scarcely  endure 
competition.  Our  Bun,  for  example,  although  surrounded  by 
huge  volumes  of  helium,  is  not  a  "  helium  star."  Pretty  sure 
indications,  00   the  other  hand,  can  be  gathered  that  helium 

1  MmaiaUrkkl*  Berlin,  24  Ui  October  ISM. 
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is  one  of  the  principal  components  of  all  gaseous  nebulae  ;  and 
it  blazes  where  stellar  incandescence  is  strong — in  "  new " 
stars,  in  bright-line  stars,  and  in  some  "  long-period "  vari- 
ables. The  disclosure  of  its  great  cosmical  role  is  among  the 
most  mi] "in. Kit  consequences  of  the  modern  alliance  between 
astronomy  and  terrestrial  physics. 

The  identification  of  oxygen  and  nitrogen  as  stellar  con- 
stituents by  Mr.  McClean  and  Sir  William  and  Lady  Hugging 
respectively,  and  the  detection  of  the  ■  Pickering  series  "  of 
hydrogen  in  certain  stars,  are  advances  of  scarcely  less 
moment.  These  unusual  kinds  of  absorption  emerge,  as  a 
rule,  in  stars  showing  helium  as  well,  and  generally  assumed 
to  be  nt  an  early  stage  of  growth.  They  apparently  tend  to 
supersede  metallic  action,  which  becomes  imperceptible  when 
the  inchoate  stage  is  approached  Thus  the  nebular  spectrum 
include*  no  lines  of  kHOVfl  BfttftlB)  HM9  fefcfljf  IH  likt.-wi* 
apparently  missing  from  ■  Wolf-Rayet "  stare.  Acquaintance 
with  these  remarkable  objects  has  profoundly  altered  the 
views  of  stellar  physicists.  It  has  introduced  them  to  a 
borderland  where  the  prevalent  conditions  defy  forecast. 
Who,  for  instance,  could  have  anticipated  Camptall  s  observa- 
tions of  mixed  bright  and  dark  spectral  series,  derived  from 
the  same  element,  in  the  same  object  ?  Nothing  could  well 
be  more  perplexing ;  but  perplexities  are  often  the  raw  material 
of  discoveries. 

The  application  of  photography  to  the  examination  of 
"  blaze  stars  "  began  with  the  apparition  of  Nova  Aurigae  in 
1892.  Opportunities  for  its  continuance  have  since  been 
frequently  afforded,  which  would  probably  have  slipped  by 
unused  but  for  the  automatic  watch  kept  on  the  changes  of 
the  heavens  at  Harvard  College  and  its  southern  dependency. 
Two  generalisations  have  thus  been  authorised.  One  is  that 
the  spectra  of  Novae  are  mainly  composed  of  bright  and  dark 
lines  in  pairs,  emanating  from  the  same  substances,  but  pushed 
asunder  as  if  by  the  effect  of  swift  opposite  motions.  The 
second  is  that  fading  Novae  put  on  a  nebular  light-vesture. 
Spectroscopically,  they  simulate  minute  "  planetaries."  These 
surprising  facts  are  seeds  of  future  knowledge ;  they  need 
time  to  germinate  and  yiel3  fruit 

Stellar  variability  no  longer  remains  outside  the  pale  of 
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successful  research.  The  mystery  surrounding  it  has  not,  to 
be  sure,  been  dissipated  ;  but  some  of  its  utteudant  circum- 
stances hare  become  manifest  Eclipsing  stars  ure  now  full) 
open  to  investigation;  and  although  not  physically  vuriaUr. 
they  have  indisputable  connections  with  stars  that  are. 
Fluctuations  executed  quite  punctually  in  periods  of  a  few 
days  or  hours  indicate  a  compound  nature  in  the  objects 
undergoing  them,  even  if  they  cannot  be  explained  as  occulta- 
tion  -  phases.  Short -period  variables,  in  short,  are  non- 
eclipsing  spectroscopic  binaries.  Yet  spectroscopic  binaries, 
indistinguishable  from  them  as  to  their  orbital  conditions, 
shine  with  a  perfectly  steady  lustre.  And  these  are  the 
majority.  It  remains  to  be  discovered  what  are  the  special 
attributes  of  the  differentiated  classes.  Nor  is  variability 
found  only  in  conjoined  objects.  Stars  apparently  single  are 
subject  to  extreme,  although  more  or  less  irregular  vicissitudes 
The  only  clue,  to  the  nature  of  these  vicissitudes  yet  found  is 
the  fact  that  increase  of  light  is  ordinarily  attended  by  the 
spectroscopic  flashing  out  of  hydrogen-rays.  Moreover,  the 
resemblance  of  stellar  light-curves  to  sun-spot  tracings  gives  u 
strong  hint  that  the  solar  analogy  should  be  made  a  starting- 
point  for  inquiries  into  "  long-period  "  variability. 

The  branch  of  stellar  astronomy  concerned  with  double 
and  multiple  systems  gains  extension  and  importance  year  by 
year.  Their  evolution  under  the  influence  of  tidal  friction 
has  been  studied  by  Dr.  See.  Sir  William  Muggins's  device 
of  a  slit  with  reflective  jaws  having  facilitated  spectroscopic 
observations  of  close  stars,  the  analysis  of  their  light  has  at 
last  entered  upon  a  stadium  of  progress  ,  apart  from  which 
perennial  obscurity  must  have  hung  over  sidereal  chromatics, 
mil  enveloped  theories  of  sidereal  growth.  Spectroscopic 
binaries,  meanwhile,  are  multiplying  on  our  hands,  and  their 
varieties  offer  a  brilliant  field  for  investigation.  Their 
periods  range  from  less  than  one  day  up  to  two  years ;  some 
revolve  in  subordination  to  larger  combinations ,  their  orbits 
are  variously  inclined,  and  of  various  degrees  of  cllipticity ;  and 
one  of  the  circulating  bodies  is,  more  often  than  not,  sensibly 
devoid  of  light.  The  function  and  place  in  creation  of  "  dark 
stars"  have  thus  come  into  the  foreground  of  inquiry.  Thry 
occur  also  in  telescopic  systems,  where  their  disturbing  powei 
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produces  t  visible  swaying  in  tin:  movements  of  their  bright 
comftaniona ;  but  less  commonly,  it  would  seem,  than  as  mem- 
bers of  spectroscopic  couples.  These  are,  so  to  speak,  just  out 
of  the  shell ;  hence  durk  stars  can  hardly  be  effete  suns, 
although  suns  presumably  lapse  with  age  into  obscurity.  The 
distinction  is  a  delicate  one  to  draw,  but  should  not  be  lost 
Sight  of. 

The  scope  of  sidereal  research  is  limitless  —  limitless 
because  its  objects  are  indefinitely  numerous.  The  difficulty 
is  to  lay  hold  of  them.  Inferences  based  on  partial  surveys 
are  felt  to  be  unsatisfactory.  The  Btar-depths  beyond  con- 
tinually invite  farther  and  farther  advances.  Astronomical 
curiosity  is  only  temporarily  appeased  by  learning,  for 
instance,  the  radial  movements  of  a  few  score  of  stars ;  they 
are  wanted  by  the  hundred,  and  when  ut  hand  in  hundreds, 
they  will  be  in  demand  by  the  thousand.  Exhaustive  in- 
quiries, while  remaining  unattainable,  must,  by  the  nature  of 
the  case,  be  perpetually  aimed  at.  And  what  is  primarily  needed 
for  them  is  a  plentiful  supply  of  light.  Ambition  in  telescope- 
building  is  then  justifiably  insatiate,  nor  has  it,  so  far,  over- 
reached itself.  Each  addition  to  instrumental  capacity  has,  on 
the  contrary,  notably  widened  the  horizon  of  feasible  research. 
The  erection  of  the  great  Lick  refractor  made  it  possible  to 
obtain  legible  spectrographs  of  the  Wolf-Rayet  stars,  and  set 
the  nebulae  in  motion  by  enabling  Professor  Keeler  to  deter- 
mine their  radial  velocities.  With  the  Crossley  reflector, 
mounted  in  the  same  superb  situation,  nebular  photography 
made  a  fresh  start,  and  the  law  of  spirality,  as  a  structural 
principle,  was  confirmed  and  generalised.  The  Yerkes  tele- 
scope has  given  access  to  several  closed  fields.  By  its  means, 
variable  stars  are  followed  through  their  semi-extinct  phases. 
Professor  Barnard  has  performed  the  unique  task  of  verifying 
visually  the  rapid  light-changes  of  the  minute  components  of 
globular  clusters ;  and  Professor  Hale  has  examined  spectro- 
graphically  a  large  number  of  "  carbon  "  stars,  too  faint  as  well 
as  too  red  for  satisfactory  treatment  under  average  circum- 
stances with  the  camera.  The  completion,  at  the  same 
observatory,  of  a  five-foot  reflector  will  shortly  afford  even 
better  opportunities  for  prosecuting  this  work.  It  may  be 
added   that  a  special  function   in   nebular    investigations  is 
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reserved  for  instruments  of  abnormally  abort  focal  length, 
such  as  the  Meudon  reflector,  in  which  the  rays  collected  by 
a  mirror  thirty-nine  inches  across  form  an  image  at  only  thrice 
that  distance  from  it. 

Centuries,  however,  of  invention  and  contrivance  must 
elapse  before  the  mimtia  piths  of  the  sky  can  be  individualised 
by  the  peculiarities  of  their  spectra.  Inducements  to  keep  up 
this  strain  of  toil  are  not  wanting.  "  A  star's  a  star  for  a' 
that/'  even  though  it  lie  beyond  reach  of  human  question- 
ing. To  bring  it  virtually  nearer,  is  the  object  of  perpetual 
efforts.  And  they  cannot  fail  to  be  rewarded.  Novelties  in 
the  heavens  are  likely  to  prove  endless  and  surprising,  lbs 
enticements  they  offer  to  progress  are  irresistible.  No 
"  anchor  dropt  at  eve  or  morn "  can  stay  the  ideal  voyage. 
"  When  a  man  hath  done,  then  shall  he  begin  "  his  scrutiny 
into  the  works  of  the  Most  High. 


CHAPTER    II. 

TUX    CLASSIFICATION    OP    STKLLAK    SPKCTRA. 

Various  methods  of  classification  may  be  applied  to  the  stars. 
The  most  obvious  ami  the  most  antique  is  that  of  relative 
brightness.  From  of  old  the  stars  have  been  collected  into 
rank*  by  "  magnitude."  Or  the  uraount  of  their  •  proper 
motions  "  may  be  taken  as  the  principle  of  distinction.  Within 
certain  limits  this  is  practicable,  and  for  certain  purposes  it  is 
useful.  But  apparent  lustre  and  projected  mov  :n,  a  alike 
depend  in  part  upon  distance ;  they  include  an  extraneous 
element ;  and  astrophysics!  science  considers  the  heavenly 
bodies  in  themselves,  without  regard  to  their  spatial  relations. 
Hence  an  absolute  quality  must  be  made  the  basis  of  their 
arrangement,  and  it  is  found  in  the  kind  of  light  emanating 
from  them.  This  system  is  of  far  more  than  conventional 
value.  It  affords  the  only  clue  within  reach  to  the  intricacies 
of  stellar  constitution.  Schemes  of  spectral  classification  may 
be  amended  and  altered ;  but  in  one  form  or  another  they  are 
indispensable  to  progress. 

They  naturally  tend  to  become  more  complex  as  facts 
multiply,  and  finer  shades  of  difference  are  rendered  manifest ; 
yet  Father  Secchi's  four  "  types  "  continue  fundamental  It 
is  well,  then,  to  keep  their  characteristics  steadily  in  mind. 
The  first  is  marked  by  strong  hydrogen  absorption.  It  con- 
sists of  radiantly  white  stars.  The  second  by  innumerable 
fine  metallic  rulings;  the  sun  is  an  example.  The  third 
type  includes  red  stars  with  banded  spectra  like  Antares,  the 
bands  being  sharply  terminated  towards  the  violet,  diffuse 
towards  the  red.  The  fourth  is  composed  of  deeply-tinted, 
mostly    faint    objects,  showing  wide    bands    facing    redward, 
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duo  to  carbon  absorptiou.  These  four  groups  form  irremov- 
able  landmarks;  but  beside  and  between  them  many  sub- 
ordinate divisions  have  been  set  up.  Vogel,  Hugging. 
McClean  hare  all  modified,  while  broadly  adopting  Secchi's 
"  law  of  order."  They  have,  moreover,  regarded  it,  not  as  a 
mere  empirical  formula,  but  as  prescribed  by  the  necessary 
conditions  of  development.  Modes  of  classifying  the  stars 
have  come  to  be  equivalent  to  theories  of  their  evolutiou. 
With  this  aspect  of  the  matter,  however,  we  are  not  just  now 
concerned.  The  aim  of  the  present  chapter  is  to  establish 
convenient  distinctions  without  regard  to  their  essential 
meaning.  The  unravelment  of  these  will  be  attempted 
later  on. 

Miss  Maury's  arrangement  of  the  stars1  is  designed  fur 
a  life-hiatory  as  well.  It  is  the  moat  elaborate  yet  put 
forward.  Based  on  the  examination  of  some  4800  spectro- 
graphs taken  at  Harvard  College,  it  embraces  681  objects, 
disposed  in  a  progressive  series  of  twenty-two  groups,  most 
of  which  are  further  comprised  within  three  collateral  divisions, 
established  to  meet  the  visible  necessity  for  a  secondary 
characterisation.  The  work  is  a  monument  of  industry  and 
skill,  and  will  long  hold  a  place  of  standard  authority ;  but 
the  line  gradations  it  emphasises,  although  worth  putting  on 
record,  are  scarcely  suitable  for  committing  to  memory.  Our 
object  here  is  to  present  large  outlines,  leaving  minute  shades 
of  difference  to  be  dealt  with  as  occasion  may  arise.  There 
&B  danger  of  stellar  classification  degenerating  into  a  nuue  of 
provisional  distinctions.  The  best  remedy  is  to  fix  attention 
on  the  summit-ranges  of  the  landscape ;  when  they  are  clearly 
imprinted  on  the  mind,  mastery  of  detail  can  be  safely  and 
readily  acquired. 

A  framework  of  eight  compartments  accommodates  practi- 
cally all  the  stars.  The  separation  is  easy  and  natural,  and 
the  "  notes  "  of  the  various  classes  present  themselves  unmis- 
takably. The  constituents  of  the  four  first  show  absorption 
spectra  only ;  those  of  the  four  last  are  marked  by  emission 
as  well  as  by  absorption.  No  hypothesis  of  growth  or  afiiuity 
is  implied  by  the  order  of  succession  given  to  the  bright-lino 
objects;  only  the  interests  of  clearness  have  been  consulted 

1  Jimrmrtl  Annate,  *oI.  xxviii  part  i.  18P7. 
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in  it*  choice.      We  will    now  briefly   describe   these  stellar 
families. 

Claws  i. — Helium  Start. — In  the  spectra  of  theae  brilliantly 
white  stars,  absorption  by  hydrogen  and  helium  predominate*. 
The  complete  "  Hugging  series  "  is  stamped  upon  thein,  from 
the  fundamental  C  to  its  "  head  "  in  the  ultra-violet ; '  and  at 
least  twenty-six  of  the  strongest  helium  lines,  culled  impartially 
from  all  the  six  series,  show  conspicuously  IxmiduK.  In  a  lew 
helium  stars,  suspected  of  nebular  relationships,  the  ■  Pickering 
series"  of  hydrogen  is  represented,  while  others  betray  the 
action  of  oxygen,  nitrogen,  and  silicon.  Metallic  lines  are 
faint  and  scarce ;  those  identified  belong  to  sodium,  iron, 
calcium,  and  magnesium.  Especially  remarkable  is  the  com- 
parative prominence  of  the  magnesium  line  X  4481,  to  the 
exclusion  of  the  triplet  ft.  which  takes  the  lead  in  the  solar 
spectrum.  The  substitution,  according  to  many  authorities,  in- 
dicates enormous  heat.  Schemer's  criterion  for  high  temperature 
is  precisely  the  development  of  X  4481,  and  Professor  Keeler 
remarked  that  the  effacement  of  ft  marked  a  stage  of  heat 
beyond  the  possibility  of  artificial  production.* 

In  these  stars  there  ib  almost  no  general  absorption  ;  their 
photospheres  are  unveiled.  Moreover,  they  seemingly  possess 
reversing  layers  of  very  simple  composition,  to  which  circum- 
stance their  display  of  helium  may,  with  much  probability,  be 
attributed.  Originally  included  in  Secchi's  first  type,  they 
were  separated  from  it  by  Vogel  in  1895,  on  the  identification 
of  their  distinctive  lines  with  those  of  terrestrial  helium  ;  and 
their  importance  in  the  sidereal  scheme  was  accentuated  by 
McClean's  spectrographic  researches  in  the  southern  hemi- 
sphere. The  lucid  orbs  of  Orion  and  the  swarming  Pleiades 
are  leading  members  of  the  class,  which  are  also  thickly 
disseminated  in  the  Southern  Cross,  the  Centaur,  and  the 
Oreater  Dog.  Miss  Maury's  first  six  groups  are  subdivisions 
of  helium  stars,  arranged  in  the  assumed  order  of  their 
development  from  a  nebulous  condition. 

We  are  indebted  to  Sir  William  and  Lady  Huggins  for 
permission  to  reproduce  their  admirable  spectrograph  of  Rigel, 
the  premier   helium    star  (Plate  IX.  Fig.  III.),  and  to   Sir 

1  S.  A.  Mitchell,  Aatroyh.  Journ.  toI.  x.  p.  32. 
3  Astr.  and  Aitropkytics,  vol.  xiii.  p.  661. 
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David  Uill  for  that  of  e  Caius  Majoris  (Plato  X.  Fig.  1), 
taken  by  his  assistant,  Mr.  Lunt,  who  detected  many  Lines  of 
silicon  and  oxygen,  in  addition  to  strong  helium-absorption, 
in  the  spectrum  of  this  star. 

Class  ii. — Hydrogen  Stars. — These  stars  are  distinguished 
by  intense  hydrogen  -  absorption  of  the  ordinary  kind,  no 
Pickering  lined  being  present.  Helium -influence  on  their 
light  is  uull,  or  barely  perceptible.  The  "  H  "  and  ■  K"  of 
calcium  are  thin  hut  distinct.  Feeble  iron  lines  can  l»e 
numerously  discerned.  General  absorption  is  slight ;  the 
ultra-violet  end  of  the  spectrum  lies  open,  imparting  to 
hydrogen  stars  a  bluish -white  colour.  Vega  is  a  perfect 
example ;  its  spectrum,  photographed  by  Sir  William  and  Lady 
Huggins,  is  shown  in  Plate  IX.  Fig.  L  The  black  Itand  to 
the  right  is  the  fifth  line  of  hydrogen  (He).  It  masks  the 
calcium  "  H  "  ;  but  ■  K  "  appears  well  to  the  left. 

Hydrogen — sometimes  called  ■  Siriau  "  stars — abound  m 
the  heavens.  They  form  the  main  part  of  Secchi's  first  type, 
and  ure  distributed  by  Miss  Maury  into  five  groups,  numbered 
vii.  to  xi. 

Class  iti. — Solar  Stars, — The  Fraunhofer  spectrum  sets  a 
pattern  copied,  with  alight  variations,  by  the  members  of  this 
class.  Its  leading  feature  is  the  powerful  development  of  H  H  " 
and  ■  K."  Other  metallic  lines  are  innumerable,  but  mostly 
sharp  and  thin.  Four  hydrogen  Lines  are  normally  present, 
ultra-violet  members  of  the  series  showing  decisively  only  in 
stare  like  Procyon  and  Canopus,  which  may  be  regarded  as 
intermediate  between  the  Siriau  and  the  solar  classes.  A 
yellow  tinge  corresponds  in  the  latter  to  a  veiling  of  the  blue 
end  of  the  spectrum,  Bimilar  to  that  perceptible  in  the  sun. 
Solar  stars,  then,  resemble  him,  not  only  in  the  composition  of 
their  reversing  layers,  but  in  the  possession  of  "smoky  "  envelopes. 
A  spectrograph  of  Arcturus  by  Sir  William  and  Lady  Huggina 
is  shown  in  Plate  IX.  Fig.  II.,  and  one  by  Sir  David  Gill  of 
a,  Centauri,  the  brighter  member  of  the  southern  binary,  in 
Plate  X,  Fig.  2.  The  precision  of  its  correspondence'  with 
the  solar  spectrum  may  be  seen  by  a  glance  at  the  com- 
parison strips  in  this  latter  figure.  Stars  of  the  solar  class 
i-onstituto  Secchi's  second  type,  atid  are  included  in  Miss 
Maury's  groups  xii.  to  xvl 
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Class  iv. — Star*  with  Fluted  Hpeetra.— Two  kinds  of  absorp- 
tion are  distinguishable  in  them.  A  linear  system,  Bomewhat 
reinforced  from  the  Frauuhofer  model,  has  superposed  upon 
it  a  set  of  dusky  timings,  about  ten  in  number,  of  undetermin.fi  1 
chemical  origin.  They  suggest  action  by  oxides,  the  forma- 
tion cf  which  in  stellar  atmospheres  would  seem  to  imply  a 
considerable  reduction  of  temperature.  None  of  the  bands 
occur  in  the  more  refrangible  part  of  the  spectrum,  so  that  the 
photographic  differences  between  solar  and  "  tluted  "  stars  are 
easily  overlooked.  Nor  is  there  an  abrupt  transition  from  owe 
class  to  the  other.  From  Capella  the  line  of  connection  posses 
unbroken  through  A  returns  and  Aldeburan  to  £  Andromeda* 
and  a  Ononis  (Ketelgeux),  absorption  settling  down  more 
heavily  on  the  blue  rays,  and  metallic  liues  gaining  strength 
at  the  expense  of  the  truncated  hydrogen  series,  until  the 
tinted  type  is  definitively  formed.  Lt  is  equivalent  to  Seechi's 
Type  iii.  Within  its  compass  u  progression  of  objects  with 
deepening  bands,  such  as  Miss  Maury  has  arranged  in  her 
Groups  xvii.,  xviii.,  and  xix..  can  readily  bfl  followed  out.  It 
may  be  said  to  terminate  with  a  Hcreulis,  a  star  of  the  third 
magnitude,  displaying  magnificent  prismatic  chiaroscuro.  A 
drawing  of  its  spectrum  by  Mr.  Espin  is  copied  in  Plate  XI. 
Fig-  1. 

Fundamentally,  the  same  series  of  bands  recurs  in  all  the 
individuals  of  this  class.  They  vary  from  star  to  star  both  in 
relative  and  in  absolute  intensity,  but  their  identity  remains 
unmistakable.  The  presence  of  certain  determinate  atmo- 
spheric ingredients  fixes  the  type,  and  no  others  can  replace 
them.  The  stars  belonging  to  it  are  in  diverse  degrees  red 
or  orange,  their  blue  emissions  being  largely  arrested  in 
the  precincts  of  their  photospheres.  They  must  hence  be 
intrinsically  brilliant  far  beyond  the  proportion  of  their  visual, 
ami,  still  more,  of  their  photographic  magnitudes.  Their 
apparent  lustre,  that  is  to  say,  is  small  compared  with  the 
masses  that  may  reasonably  be  assigned  to  them.  Their  light 
is  markedly  unstable,  and  many  are  subject  to  periodical  varia- 
tions of  exceedingly  wide  range.  These  give  bright -line 
spectra  of  a  very  definite  character,  which  it  seems  advisable 
to  set  in  a  class  apart. 

Stars    with    fluted    spectra    (conveniently    designated    as 
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"  Auturian,"  l  from  their  exemplar,  the  lucida  of  the  Scorpion), 
although  rare  compared  with  Sirian  and  aolor  stare,  are  found 
plentifully  in  every  part  of  the  sky.  No  comprehensive 
catalogue  of  them  exist* ;  the  number  of  those  already 
known  might,  however,  be  roughly  estimated  at  a  couple  of 
thousand.  They  must  be  vastly  remote.  None  have  sensible 
parallaxes,  and  very  few  show  appreciable  proper  motions. 

Class  v. — Carbon  Stars. — These  have  also  handed  spectra, 
but  of  a  totally  different  stamp.  Three  shadings,  particularly 
conspicuous  in  them,  testify  to  strong  absorption  by  carbon 
vapour.  Vogel  found  them  to  reverse  exactly  the  spectrum 
of  un  alcohol  flame.2  Schemer  conjecturolly  identities  the 
absorbent  material  with  acetylene.8  Others  hold  it  to  be  pure 
carbon.  There  is  much  uncertainty  on  the  point  The 
carbon  -  bands  are  of  different  degrees  of  obscurity  in  the 
various  members  of  the  class,  uor  do  they  in  all  preserve  the 
same  relative  strength.4  Subordinate  bands,  too,  of  unknown 
origin  diversify  these  spectra  more  or  less  strikingly.  But 
-ill  are  designed  on  the  same  pattern  ;  it  is  only  the  mode  of 
printing  off  that  varies.  They  include  as  well  many  dark  lines, 
notably  Fraunhofer*s  "  D  "  and  "  E,"  representing  absorption 
by  sodium  and  iron.  A  characteristic  dusky  streak  at  X  576 
awaits  chemical  interpretation. 

Carbon  stars  glow  like  rubies  in  the  sky ;  they  are,  for  the 
most  part,  fiery  red  objects-  To  the  eye  they  make  a  poor 
show.  The  brightest — 19  Piscium — is  of  55  magnitude;  and 
only  three  in  the  northern  and  four  in  the  southern  hemi- 
sphere, out  <>i  ulnml  2o0  recorded,  ix<red  the  ;-ixth.  This  is 
not  surprising  when  we  consider  that  but  a  small  percentage 
of  their  rays  can  escape  stoppage  by  enfolding  vapours.  They 
would  seem,  besides,  to  be  plunged  in  greater  depths  of  space 
than  Sirian  or  solar  stars ;  so  that  they  ought  perhaps,  allow- 
ance being  mode  for  these  disadvantages,  to  take  rank  ue 
point  light  -  givers.  The  coloured  "  zones,"  or  luminous 
intervals  in  their  spectra,  are,  at  any  rate,  curiously  vivid  and 
••I inkling.       Most  are   to  some    extent,  some  are    to  a    large 

1  Thi»  "abort  titi*  ■  was  fir»t  *ji|ili«j  to  thfui  \>j  Sir  Xonnaii  Lockyer      !■ 
Jfeiuf*.  ISth  M*y  18W.  ■  foiMUm  frMemiumtn.  No  II,  p.  1W,  1884. 

1  DU  Sy«trai<irutfyK  dir  Qn'irnt,  |>.  3'jQ. 
*   Doner,  A*r*yh.  Journ.  vol.  U.  |».  18]. 
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extent,  variable.  Their  photographic  examination — rendered 
arduous  by  the  quality  of  their  light — afforded  Professor 
Hale  in  1898  the  interesting  discovsry,  imperfectly  anticipated 
by  Secchi,  of  several  unfamiliar  bright  lines  »hih-i  jh .^*m!  u]H>ii 
their  dark  shadings.1  Hydrogen  lien  low  in  carbon  stars. 
It  exerts  no  visible  absorption,  and  displays  no  traceable 
emission.  Their  relationships  with  other  stellar  families  are 
obscure ;  connecting  spectral  links  are  not  altogether  wanting, 
but  they  are  of  secondary  importance  The  class  formed  by 
them  is  ooexteiiHw  with  Secchi's  Typ*  iv.  and  with  Mis* 
Maury's  Group  xxL  Four  specimens  arc  given  in  Plate  XII., 
from  spectrograph*  taken  by  Professor  Hale  and  Mr.  EHerman 
with  a  train  of  three  prisms  fitted  to  the  eye-cud  of  the 
Yerkes  forty-inch  refractor.  The  wealth  of  detail  shown  is 
so  great  as  almost  to  obliterate  the  general  columnar  effect. 

Class  vi.  —  Stars  with  Muttd  Spectra  thawing  liright 
Hydrogen  Line*. — Mira  is  the  typical  star  of  this  class.  All 
its  members  (save  one  doubtful  case)  are  pronounced  variables. 
They  fluctuate  in  colour  too,  but  show  in  general  a  decided 
orange  or  ruddy  hue.  The  riutings  are  very  marked,  and  they 
tend  to  deepen  and  widen  as  the  stars  lose  light  Essentially 
the  same  as  in  Class  iv.,  they  overlie  a  similar  metallic  line 
spectrum.  Vivid  hydrogen  rays  come  into  view  with  the 
approach  of  each  maximum,  and  fade  after  it  has  passed. 
They  seem,  however,  to  persist  much  longer  in  some  stars 
than  in  others.  The  series  is,  indeed,  at  all  times  incomplete. 
Its  first  term — the  crimson  C — is  often  missing;  the  second, 
F,  is  by  no  means  invariably  present ;  the  stress  of  brilliancy 
is,  in  certain  stars,  laid  upon  the  third,  in  most  upon  the 
fourth  line,  the  fifth  being  always  concealed  by  the  dense, 
distended  H  of  calcium.  The  succession  of  bright  lines  is 
resumed  in  the  ultra-violet,  and  continued  to  the  limit  of 
the  spectrum,  which  is  curtailed  by  strong  general  absorption. 
A  spectrographic  impression  of  Mira  by  Father  Sidgreaves  is 
shown  in  Plate  XIII.  (1).  It  extends  from  orange  to  indigo, 
but  stops  short  of  H  and  K.  There  is  no  assured  trace  of 
green  hydrogen,  while  the  two  blue  beams  are  lustrous.  A 
corresponding  print  of  the  sj>ectrum  of  a  Herculis  appears 
on    the   same   plate    below  that  of  Mira.       The   yellow   ray 

1  sti'roph.  Journ.  foL  x.  p.  108. 
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of  helium  shines  in  some  members  of  Class  vi,  and  several 
dark  lines  in  the  spectrum  of  Mira  coincide  approximately 
with  more  refrangible  lines  of  the  same  substance.  Through 
the  presence  of  emissive  symptoms  in  fluted  spectra,  more  than 
a  hundred  new  variables  have  been  photographically  discovered 
by  Mrs.  Fleming  and  her  staff  at  Harvard  College.  She  sub- 
divides them  into  eleven  families,  marked  by  the  varying 
relative  brightness  of  the  hydrogen  lines,1  while  Miss  Mauiy 
includes  them  all  in  her  twentieth  group.  Secchi's  third  type 
likewise  claimed  them ;  its  limits  were  indeed  defined  before 
their  singularities  had  been  noticed. 

Class  vii. — -Helium  Stars  Wfth  BrigfU  Lints. — These  objects 
give  the  characteristic  dark -line  "  Orion  "  spectrum,  variously 
emblazoned  with  rays  of  hydrogen,  helium,  and  a  few  other 
-ail •stances.  In  some  the  bright  and  dark  lines  are  ranged 
sida  by  side,  in  others  they  are  superposed,  the  system  of 
reversal  being  tripled  by  the  addition  of  dark  threads  drawn 
across  the  emission  rays.  The  historical  variable  u  P  Cygni  " 
exemplifies  the  former  variety,  y  Cassiopeia:*  the  latter.  The 
fundamental  C  is  perhaps  always  the  brightest  line  in  these 
spectra,  and  there  is  a  uniform  decrease  in  the  lustre  of  the 
hydrogen-series  as  it  progresses  upward.8  In  many  cases  its 
lower  members  Bhow  by  emission,  the  rest  by  absorption. 
The  bright  spectrum  may  indeed  be  reduced  to  a  solitary 
0,  The  same  rule  applies  to  helium.  The  circumstance, 
however,  that  the  lowest  terms  of  each  series  are  those  vivified, 
becomes  evident  only  when  the  lines  present  are  sorted  out 
in  their  due  sequential  order.  It  is  unapparcnt  on  a  collecti\' 
view  of  them. 

A!  nut  fifty  bright-line  helium  stars  are  known,  and  fresh 
specimens  are  yearly  swept  up  in  the  course  of  space-sounding 
operations  at  Harvard  College.  A  fuller  acquaintance  was 
trained  with  thirty- two  among  the  number  by  Professor 
Campbell's  scrutiny  of  their  spectra  with  the  great  Lick 
refractor  in  1895.  Much  hesitation  prevails  as  to  their 
proper  place  in  systems  of  stellar  classification.  Most  usually 
they  are  treated  as  a  subdivision  of  the  dark-line  helium  class, 
but  Miss  Maury  and  Miss  Cannon    leave  them  outside  the 

1  JjInpA.  Journ.  vol.  riil.  p.  2S3. 
■  Otopboll,  AdrxwK.  /<mm.  vol.  ii.  p.  I  SI. 
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framework  of  their  respective  schemes,  appending  valuable 
discussions  of  individual  peculiarities.1  There  in  much  u> 
be  said  for  this  mode  of  procedure.  We  are  enabled,  by 
the  kindness  of  Father  Sidgraives,  to  reproduce  in  l'Utc 
XIV.  a  spectrograph  of  y  Cassiopeia'  taken  at  Stonyhurat, 
7th  March  1808.  Among  the  bright  lines  imprinted  on  it  are 
several  due  to  magnesium,8  namely,  the  ^-triplet  prominent 
in  the  sun,  and  the  blue  ray  at  X  4481,  specialised  by 
Scheiner  as  murking  a  high  grade  ol  heat. 

Class  viii. —  Wvlf-Rnyet  SVa/*— Acquaintance  with  these 
objects  began  in  1867  with  the  discovery,  by  MM.  Wolf  and 
Bayet  of  the  Paris  Observatory,  of  three  small  stars  in  Cygnus, 
giving  a  spectrum  composed  mainly  of  blue  and  yellow  eJilu- 
encea  Then  on  24th  December  1871,  Respighi 3  observed  thr 
brilliant  prismatic  radiance  of  y  Argus  ( =7  Velorum),  which 
proved  to  be  of  the  some  quality,  although  vastly  superior  in 
quantity.  No  other  star  of  the  kind  exceeds  the  sixth  magni- 
tude, and  over  one  hundred  of  them  have  been  already  recognised 
Their  distribution  is  mi-irka-Me  ;  all  are  situated  in  or  quite 
close  to  the  Milky  Way,  except  a  considerable  group  located 
in  the  Magellanic  Clouds ; 4  and  the  Magellanic  Clouds  ob- 
viously reproduce  many  of  the  conditions  of  the  Milky  Way. 

The  leading  spectroscopic  distinction  of  the  Wolf-Bayet 
class  is  the  display  of  the  Pickering  series  of  hydrogen.  Five 
of  its  constituent  lines  have  been  recognised,  but  they  are  not 
all  equally  bright.  The  upper  ones  may  even  appear  dark. 
Emission-bands  in  the  blue,  on  the  other  hand,  never  fail  to 
be  visible.  Two  at  least  are  simultaneously  or  alternatively 
present.  The  more  refrangible  at  X  4688  is  the  azure  beam 
identified  by  Kydberg  with  the  leader-line  of  the  otherwise 
unknown  principal  series  of  hydrogen.  Its  associate  at 
X  4652  may  possibly  owe  its  origin  to  nitrogen,  but  this 
remains  to  be  proved.  Helium  lines  show,  both  bright  and 
dark,  in  these  stars  ;  in  the  same  spectrum  D9  occasionally 
gleams  golden  beside  its  dusky  fellow,  the  noted  "  Orion  " 
absorption  ray  at  X  4472.     Similarly,  in  the  Huggins  hydrogen 

1    H'irrard  Annals,  vol.  xxriii.  pp.  49,  fid,  100,  14*2. 
■  Monthly  Kotices,  toI.  lix.  p.  507. 
*  Compel  lUndu*.  t  Ixxiv.  p.  616. 
*   Pickering,  Attroph.  Jtrurn.  vol.  »L  p.  459.  . 
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series,  a  vivid  C  may  have  for  its  companions  an  almost 
neutral  ¥  (H/8),  and  obscure  Hy  and  HS. 

The  Wolf-Rayet  spectrum  is  then  triple  A  band  of 
continuous  light,  fairly  strong  in  the  ultra-violet,  forms  its 
basis.  Absorption  lines  and  bands  axe  superposed,  a  few  of 
them  due  to  hydrogen  and  helium,  but  for  the  most  part 
unclaimed  by  any  terrestrial  substance.  To  these  are  added 
hydrogen,  helium,  and  anonymous  bright  rays  in  varying 
degrees  of  profusion.  No  metallic  lines,  bright  or  dark,  have 
been  recognised.  Stars  of  this  description  are  white  or 
yellowish.  They  are  rarely  or  never  variable.  Pickering 
combined  them  in  1891  with  planetary  nebulte  into  a  *  Fifth 
Type  of  Spectra";1  yet,  certain  nebular  affinities  notwith- 
standing,3 they  lie  well  away  on  the  stellar  side  of  the 
dividing  line  between  the  two  sidereal  realms. 

The  eight  stellar  divisions  just  enumerated  comprehend  as 
nearly  as  possible  all  the  stars  spectroscopically  examined  up 
to  the  present  The  few  left  outstanding  are,  in  general, 
difficult  objects,  which  have  been  casually  or  defectively 
observed.  When  better  known,  they  will  probably  avow 
affinities  not  at  first  eight  apparent.  Our  classification  may 
then  fairly  claim  to  be  exhaustive  ;  it  certainly  rests  upon 
broad  and  unmistakable  distinctions.  And  it  is  no  small 
achievement  to  have  obtained  a  bird's-eye  view  of  the  celestial 
"  maze  of  error."  Order  is  not  knowledge  ;  vere  stire  est  per 
causaa  scire ;  but  it  is  an  indispensable  preliminary  to  its 
attainment. 

i  Astr.  #WL  No.  3025. 

*  Campbell,  A*r.  and  JHrvpkytits,  to!,  xiii.  p  4N. 
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HELIUM    .STARS. 

Hilium  stars  aro  often  palpably  connected  with  nobulie. 
The  entire  Orion  region,  where  they  brilliantly  congregate,  is 
pervaded  with  cosmic  fog ;  cosmic  fog  enwraps  the  Pleiades ; 
and  individual  instances  of  the  same  association  abound,  and 
are  likely  to  multiply  as  exploration  proceeds.  It  is,  how- 
ever, visibly  closer  in  some  star*  of  the  rJiiss  than  in  other**; 
and  these  nebulous  gradations  appear  to  correspond  with 
spectral  gradations  of  a  very  interesting  kind,  accurately 
represented  in  the  progressive  order  of  Miss  Maury's  groups. 
The  earliest  are  strongly  impressed,  not  only  with  helium  and 
ordinary  hydrogen  lines,  but  with  the  Pickering  series  as  well, 
noted  by  Mr.  McClean  to  characterise  a  primitive  stellar 
condition.1  Satisfactory  evidence  of  oxygen  absorption  in 
them  was  adduced  by  him  in  1897,  and  lines  of  nitrogen  and 
silicon  are  recognisable  besides.  Among  metals  only  calcium 
and  magnesium  make  a  feeble  effect,'  the  one  with  a  just 
discernible  K,  the  second  with  the  "  high-temperature  "  line  in 
the  indigo  (X  4481).  No  sharp  rays  are  found  in  these 
spectra.     Their  shadings  take  the  form  of  hazy  streaks. 

The  chief  of  a  triple  group  in  Monoceros  is  a  specimen 
peculiarly  worthy  of  consideration.  It  has  the  uncommon 
property,  for  a  helium  star,  of  being  variable  in  a  short  period, 
whence  its  catalogue  title  of  S  Monocerotis ;  and  it  dominates 
a  small  cluster  (N.G.C.  2264),  measured  by  Bruno  Peter  in 
1880.s      An   involving   nebula,  evasive  of  telescopic   vision, 

1  Phil.  Tram.  rol.  crci.  p.  120. 

'   Maury,  Harvard  Annals,  rol.  xxviii.  p.  lf>. 

"  AbhandL  der  kim.  SaeJu.  OnelUdu/l,  Bd.  iv.  Th.  1. 
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came  out  fully  in  Professor  Barnard's  photographs  of 
1894,1  and  was  described  by  him  as  "a  very  wonderful  object, 
irregular  in  outline  but  quite  well  defined,  with  numerous 
black  gaps  running  into  it,  and  conforming  in  general  with 
Y*-\.'lifre  peculiarities  of  the  Milky  Way  in  that  region."*  A 
>  .•'  .-■  picture  on  a  larger  scale  was  taken  by  Dr.  Roberts  a  year 
w\  later.8     That  S  Monocerotis  will  prove  to  be  a  spectroscopic 

binary  revolving  in  three  days  and  ten  hours,  may  be  judged 
probable  from  the  analogy  of  its  fellows  in  variability. 

One  of  its  contemporaries  is  the  third  magnitude  star, 
i  Ononis  (N.G.C.  1980).  Sir  John  Herschel  perceived  it  to 
be  wrapt  in  a  large  feeble  nebulosity,  and  a  divergent  streak, 
linking  it  to  the  great  "  trapezium "  nebula,  disclosed  itself 
photographically  to  Professor  W.  H.  Pickering.4  It  is  widely 
triple,  but  sensibly  stationary.  Although  its  spectrum  is  in  the 
main  a  copy  of  that  of  S  Monocerotis,  important  distinctions 
may  present  themselves  to  scrutinising  inquirers.  Both  the 
Wolf-Rayet  blue  bands  show  by  absorption  in  these  "early 
Orion  "  stars,  the  upper  one  being  especially  pronounced. 

The  three  stars  forming  the  Belt  of  the  Giant  are  slightly 
more  "advanced."  Helium  has  gained  strength  in  them  relatively 
to  the  Pickering  series ;  the  reversal  of  Rydberg's  azure  band 
verges  towards  effacement,  and  in  the  middle  star,  e  Ononis,  the 
spectral  lines  are  fairly  well  defined.  Oxygen,  nitrogen,  and 
silicon  contribute  each  its  quota  of  absorption.  A  great 
stream  of  nebulous  matter  sweeps  through  the  Belt,  and  its 
two  lower  gems,  f  and  e  Ononis,  claim  besides  shining  ap- 
purtenances of  their  own.6  An  analogous  object,  <r  Scorpii, 
came  out  on  Professor  Barnard's  photographs  with  a  couple  of 
nebulous  "  prongs "  attached  to  it,6  and  also  as  a  focus  of 
marked  condensation  in  the  great  nebulous  field  near  Antarea 
The  spectrum  is  perfectly  similar  to  that  of  e  Orionia. 

Among  southern  helium  stars  one  deserves  special  mention 
if  only  for  its  association  with  a  notable  discovery.  This  is 
Mr.  McClean's  "oxygen  star,"  ft  Cruris.  His  identification 
in   1897 7  of  numerous  lines  in  its  spectrum  as  due  to  the 

1   One  taken  1st  February  is  shown  in  Knowledge,  Tol.  xix.  p.  100. 

3  A  tit.  and  Atlrophytict,  toI.  xiii.  p.  178. 

1  KntncUilge,  Vol.  xix.  p.  89.  *  Harvard  Annah,  vol.  xxxii.  p.  86. 

'"  <  Orionis  =  N.G.C.  1«90.  •  Barnard,  Pop.  A*r.  8«pt  1897,  p.  282. 

T  Spedra  of  ScuA^rn  Start,  p.  11. 
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absorptive  action  of  our  vital  gas  was  fully  confirmed  two 
years  later  by  Sir  David  Gill,1  who  employed  for  the  purpose 
the  splendid  apparatus  bestowed  by  Mr.  McClean  upon  the 
Cape  observatory.  Silicon  is  also  present,  and  the  usual 
reversals  of  the  indigo  line  of  magnesium  and  of  tin*  violet 
K  of  calcium  appear  distinctly.  Nitrogen,  however,  i«  not 
evident,  nor  the  Pickering  series  of  hydrogen.  The  spectra 
of  8  *nd  €  Cams  Majorie,  and  of  f3  Ceutauri  are  of  the  same 
stamp.  One  of  the  brilliants  of  the  Southern  Cross,  &  Crucis 
lies  immersed  in  the  Milky  Way,  at  an  unmeasured,  perhaps 
an  immeasurable  distance  from  the  earth.  We  have  thus  nn 
means  of  estimating  its  actual  radiance,  which  must,  however, 
greatly  exceed  that  of  the  sun.  A  secular  proper  motion  of 
fourteen  seconds  is  ascribed  to  it,  and  Sir  David  Gill  finds  it 
to  be  receding  from  the  sun  at  the  rate  of  about  eleven  miles 
a  second 

Bellatrix,  in  the  shoulder  of  Orion,  is  a  typical  helium 
star,  the  chief  representative  of  Miss  Maury's  fourth  group. 
No  Pickering  lines  have  been  found  in  its  spectrum,  but 
Professor  Keeler  noticed  the  comparative  prominence  of  a 
subordinate  nebular  ray  at  X  43  9  0.s  Nitrogen  and  oxygen 
were  identified  in  it  by  Sir  William  and  I^ady  Huggins,3 
and  silicon  by  Sir  Norman  Lockyer 4  and  Mr.  Lunt.&  The 
effacement  of  iron,  remarkable  in  nearly  all  helium  stars, 
subsists  also  in  Bellatrix,  and  is  explained  by  Sir  Norman 
Lockyer  as  au  effect  of  transcendental  temperature.  It  has 
a  spectroscopic  alter  ego  in  the  lucida  of  the  Southern  Cross. 

In  the  spectrum  of  Rigel  some  iron  lines  faintly  emerge, 
and  the  sodium  D  appeared  conspicuously  on  Professor 
Campbell's  isochromatic  plates.  The  Hoggins  series  of 
hydrogen  is  magnificently  displayed  from  its  first  term  to  the 
limit  °  (see  Plate  IX.  Fig  3) ;  helium  lines  are  strong  and 
numerous  ;  those  of  nitrogen,  oxygen,  and  silicon  come  out  in 
photographs,  and  they  were  found  by  Sir  William  and  Lady 
Huggins    to   be  associated   with   certain   distinctive  ray*  uf 

1  /V<*.  Jloyal  Soeifty,  27th  April  1699. 

*  Antr.  and  AatrvphtftitM,  vol  liU.  p.  491. 

J  Attr.    Rath.    Nan.   1M&   J6S3.     UelUtru  wu  out  of  McMrmn't  oritfitul 
cxvgftn  *t*rs.  *  ASa/Hnr,  vol.  lxl.  p. 

*  Adrc/h    Journ.  vol.   xi.  p.   282. 

*  IM  to),  x.  p.  31  <Mitdi«ll). 
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came  out  fully  in  Professor  Barnard's  photographs  of 
1894,1  and  was  described  by  him  as  ■  a  very  wonderful  object, 
irregular  in  outline  but  quite  well  defined,  with  numerous 
black  gaps  running  into  it,  and  conforming  in  general  with 
the  peculiarities  of  tho  Milky  Way  in  that  region."  *  A 
picture  on  a  larger  scale  was  taken  by  Dr.  Roberts  a  year 
later.8  That  S  Monocerolis  will  prove  to  be  a  spectroscopic 
binary  revolving  in  three  days  and  ten  hours,  may  be  judged 
probable  from  the  analogy  of  its  fellows  in  variability. 

One  of  its  contemporaries  is  the  third  magnitude  star, 
t  Ononis  (N.G.C.  1980).  Sir  John  Herechel  perceived  it  to 
be  wrapt  in  a  large  feeble  nebulosity,  and  a  divergent  streak, 
linking  it  to  the  great  "  trapezium  "  nebula,  disclosed  itself 
photographically  to  Professor  W.  H.  Pickering.4  It  is  widely 
triple,  but  sensibly  stationary.  Although  its  spectrum  is  in  the 
main  a  copy  of  that  of  S  Monocerotis,  important  distinctions 
may  present  themselves  to  scrutinising  inquirers.  Both  the 
Wolf-Rayet  blue  bauds  show  by  absorption  in  these  ■  early 
Orion  M  stars,  the  upper  one  being  especially  pronounced. 

The  three  stars  forming  the  Belt  of  the  Giant  are  slightly 
more  "advanced."  Helium  has  gained  strength  in  them  relatively 
to  the  Pickering  series ;  the  reversal  of  Rydberg'6  azure  band 
verges  towards  effacement,  and  in  the  middle  star,  e  Ononis,  the 
spectral  lines  are  fairly  well  defined.  Oxygen,  nitrogen,  and 
silicon  contribute  each  its  quota  of  absorption.  A  great 
stream  of  nebulous  matter  sweeps  through  the  Belt,  and  its 
two  lower  gems,  J  and  *  Orionis,  claim  besides  shining  ap- 
purtenances of  their  own.1  An  analogous  object,  a  Scorpii, 
came  out  on  Professor  Barnard's  photographs  with  a  couple  of 
nebulous  •  prongs "  attached  to  it,fi  and  also  as  a  focus  of 
marked  condensation  in  the  great  nebulous  field  near  Antarea, 
Tho  spectrum  is  perfectly  similar   to  that  of  «  Orionis. 

Among  southern  helium  stars  one  deserves  special  mention 
if  only  for  its  association  with  a  notable  discovery.  This  is 
Mr.  M' Clean's  "oxygen  star,"  /S  Cruris.  His  identification 
in    1397'  of  numerous  lines  in  its  spectrum  as  due  to  the 

1  Oue  uktn  lit  February  »■  tbown  in  Knowledge,  toI.  itx.  \>.  101. 

*  A*r.  and  Attrapkyiea,  vol.  riii.  p.  178. 

'  Kn+wltdge,  roL  xix.  p.  39.  *  Hmrvard  Armnh,  vol  xuii.  p.  fll. 

»  .Orionii-N.C.C.  1090.  •  B*rn»rd,  Pop.  d*r.  SepL  1887.  p.  232. 

T  Spectra  of  Stuikern  Stan,  p.  11. 
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Absorptive  action  of  our  vital  gas  was  fully  confirmed  two 
years  later  by  Sir  David  Gill,1  who  employed  for  the  purpose 
the  splendid  apparatus  bestowed  by  Mr.  McCleon  upon  the 
Cape  ohservatory.  Silicon  is  also  present,  and  the  usual 
reversals  of  the  indigo  line  of  magnesium  and  of  the  violet 
K  of  calcium  appear  distinctly.  Nitrogen,  however,  is  not 
evident,  nor  the  Pickering  series  *>f  hydrogen.  The  spectra 
of  £  and  *-  Can  is  Mujoris,  and  of  0  CenUuri  are  of  the  same 
stamp.  One  of  the  brilliants  of  the  Southern  Cross,  £  Crucis 
lies  immersed  in  the  Milky  Way,  at  an  unmeasured,  perhaps 
an  immeasurable  distance  from  the  earth.  We  huve  thus  no 
means  of  estimating  its  actual  radiance,  which  must,  however, 
greatly  exceed  that  of  the  sun.  A  secular  proper  motion  of 
fourteen  seconds  is  ascribed  to  it,  anil  Sir  David  (Jill  finds  it 
to  be  receding  from  the  sun  at  the  rate  of  about  eleven  miles 
a  second 

liellatrix,  in  the  shoulder  of  Orion,  is  a  typical  helium 
star,  the  chief  representative  of  Miss  Maury's  fourth  group 
No  i'iikeiiiiK  lines  have  been  found  in  its  spectrum,  but 
ProfoHsor  Kcoler  notirrd  the  comparative  prominence  of  a 
subordinate  nebular  my  at  X  4390.'  Nitrogen  and  oxygen 
were  identified  in  it  by  Sir  William  and  Lady  Huggins* 
and  silicon  by  Sir  Norman  Lockyer 4  and  Mr.  Lunt.6  The 
effacement  of  iron,  remarkable  in  nearly  all  helium  stars, 
subsists  also  in  Bellatrix,  and  is  explained  by  Sir  Norman 
Ijockyer  as  an  effect  of  transcendental  temperature.  It  has 
a  spectroscopic  alter  ego  in  the  lueida  of  the  Southern  Cross. 

In  the  spectrum  of  Rigel  some  iron  lines  faintly  emerge, 
and  the  sodium  D  appeared  conspicuously  on  Professor 
Campbell's  isochromatic  plates.  The  Huggins  series  of 
hydrogen  is  magnificently  displayed  from  its  first  term  to  the 
limit6  (see  Plate  IX.  Fig  3);  helium  lines  are  strong  and 
numerous;  those  of  nitrogen,  oxygen,  and  silicon  come  out  in 
photographs,  and  they  were  found  by  Sir  William  and  Lady 
Huggins    to    be   associated    with    certain    distinctive    rays   of 

1  /Vw.  liouai  Soei'ty,  '27th  April  1899. 
7   .4*tr.  mui  Atlrajihyncs,  vol,  liii.  p.  491. 

-'   .Ulr.    Sack,    No*.    356A,    3583.      BclUtriz   tu   on*   of  McClean't    origin*! 
oxygen  star*.  *  Nature,  vol.  \xi.  p.  263. 

9   Jstrojh.  Joum.  vol.  xi.  p.    262. 
1  //-id,  vol.  x.  p.  31  (Mitchell). 
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titanium.1  The  lines  in  this  spectrum  contrast  markedly  by 
their  sharpness  with  those  of  other  stars  chemically  similar, 
such  as  Eegulua  Rigel  belongs  to  Miss  Maury's  sixth  group ; 
it  approximates  to  the  stage  where  helium  sinks  out  of  sight, 
and  yields  the  sole  predominance  to  hydrogen. 

In  order  to  form  some  idea  of  its  prodigious  light-power 
we  must  remember  that  it  lias  no  sensible  parallax  (Gill),  and 
is  all  but  stationary  in  the  heavens.  This  implies  that  it  is 
so  far  off  as  to  make  almost  no  perspective  response  to  the 
sun's  centennial  advance  through  space.  In  other  words,  a 
base  line  some  thirty-three  thousand  millions  of  miles  in  length 
(allowing  for  foreshortening)  shrinks  to  little  more  than  a 
point  as  seen  from  Rigel.  Assuming  the  reality  of  the 
minute  proper  motion  of  15*  a  century  deduced  from  its 
catalogued  places,  and  that  it  is  a  parallactic  effect  of  our 
system's  progress  towards  an  "  apex "  on  the  borders  of 
lit  ixules  and  Lyra,  at  the  rate  of  twelve  miles  a  second,  we 
must  ascribe  to  the  star  a  distance  of  at  least  367  light  years, 
corresponding  to  an  annual  parallax  of  t-^z  oi"  ft  second-  It 
follows  that  Rigel  gives  about  8000  times  more  light  than 
the  brighter  component  of  a  Centauri,  an  orb  considered  by 
Sir  David  Gill  to  be  the  exact  match  in  every  respect  of  our 
sun.  But  the  sun  is  dimmed  to  about  one-third  of  its  native 
lustre  by  effects  of  absorption  which  are  virtually  absent  from 
the  star.  Hence  a  total  light  emission  8000  times  greater 
would  represent  a  radiating  surface  only  2667  times  more 
expansive  than  the  solar  photosphere,  Rigel,  moreover,  is 
certainly  not  massive  in  the  proportion  of  its  luminosity. 
Stars  of  the  helium  variety  are  composed  of  highly  rarefied 
materials.  This  has  come  to  be  known  through  the  study  of 
eclipsing  stars.  Taking,  then,  the  density  of  Rigel  to  be 
about  that  of  Algol,  or  one-fourth  that  of  the  sun,  we  find  it 
even  so  to  be  of  no  less  than  34,000  times  the  solar  mass, 
while  gravity  at  its  surface  is  of  just  thirteen-fold  power. 
Nevertheless  its  spectrum  indicates  extreme  tenuity  in  its 
gaseous  surroundings.  Calcium,  for  instance,  in  the  reversing 
layer  of  Rigel  emits  violet  rays  oTtly.  There  is  no  trace  of  the 
blue  line  (X  4227).  The  vapour  exists  there  in  much  the  same 
state  as  in  the  solar  chromosphere  and  prominences — that  is  to 

1   Atlas  of  Suliar  3j*cirat  p.  163. 
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say,  in  a  state  of  the  utmost  attenuation,  which  implies  the 
counterbalancing  of  gmvity  by  a  strong  antagonistic  influence, 
presumably  of  an  electrical  nature.  This  merely  extends  an 
inference  already  derived  from  solar  phenomena. 

The  relationships  of  Deneb  (a  Cygni)  have  been  variously 
assigned.  There  is,  however,  no  longer  any  doubt  of  ita 
affinity  to  Nigel.1  The  lines  in  its  spectrum  are  numerous 
and  clearly  defined.  Sir  Norman  Lockyer  measured  307 
on  photographs  of  the  section  above  F,x  and  there  are 
hundreds  besides.  Those  of  helium  are  of  subordinate  im- 
jiortance ;  they  are  being  replaced  in  the  supposed  evolutionary 
progression  by  metallic  lines.  Magnesium  absorption  is 
deeply  graven  in  the  ultramarine  (X  4481),  and  begins  to 
appear  through  the  green  triplet  (/»)•  Iron  lines  of  the  kind 
■  enhanced  "  in  the  spark  are  fairly  abundant ;  gallium  shown 
at  least  one  strong  line,8  and  titanium  lines  are  prominent. 
Among  non-metallic  substances,  beside*  helium  and  hydrogen, 
only  silicon  is  unquestionably  present.  It  cornea,  however, 
well  to  the  front.  Mr.  Lunt  regards  a  Cygni,  Kigel,  mid 
Siriuft  as  some  of  "  the  best  examples  of  silicon  stars "  yet 
known-4  Nevertheless,  spectrographs  of  them  fail  to  show  the 
three  silicon  lines  most  conspicuous  in  the  £  Crucis  group, 
while  Lockyer  s  enhanced  lines  imprint  themselves  with  some 
emphasis.6  These  celestial  modifications  of  the  silicon 
spectrum  afford  "  valuable  data,"  in  Mr.  Lunt's  opinion,  "  for 
the  elucidation  of  the  problem  of  relative  stellar  temperatures." 
Their  interpretation  on  current  principles  would  lead  to  the 
conclusion  that  a  Cygni,  Rigel,  and  Sirius  are  hotter  than  the 
"  earlier "  suns  typified  by  the  "  oxygen  star "  in  the  Cross. 
But  there  is  no  real  certainty  as  to  what  causes  the  difference 
in  kind  between  the  luminosity  of  the  spark  and  arc  Tem- 
perature may  not  be  the  sole,  or  even  the  chief,  agent  in  its 
production. 

The  width  and  density  of  K  in  a  Cygni  are  noted  by  Sir 
William  and  Lady  Huggins  as  anomalous,  calcium  absorption 
usually  remaining  feeble  when  that  of  helium  is  visible.     The 

1  Scheiner,  HiUung$b«riehUt  Berlin,  13th  Fcbruirj  1890. 

'   XtUure,   TOl  liz.   p.  S42. 

*  Hartley,  Aitroph.  Joun.  toI.  j.  p.  1S4. 
*  Attrvph.  Joun.  vol.  ix.  p.  2«7.  *  Nairn,  Iflth  lUrch  18W. 
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ouriouu  thinness  of  the  hydrogen  lines  may  result  in  part  from 
their  projection  upon  a  photospheric  background  of  exceptional 
brilliancy.'  The  star,  at  any  rate,  is  one  of  those  which  "  stand 
apart  through  a  distinctive  individuality,"  *  and  it  invites,  as 
such,  special  attention. 

Kegulus — an  intermediate  specimen — and  f$  Centauri  are 
perhaps  the  only  helium  stars  at  determined  distances  from 
the  earth.  For  the  latter  Sir  David  Gill  found  a  parallax  of 
0  046",  equivalent  to  a  light-journey  of  seventy -one  years,  so  that 
it  is  by  no  means  a  near  neighbour.  In  its  place  the  sun  would 
be  just  perceptible  to  the  naked  eye ;  it  would  appear  of  sixth 
magnitude,  while  the  star  is  only  a  couple  of  grades  below  the 
first  rank  (its  photometric  magnitude  is  1"2).  Its  emissions, 
in  fact,  surpass  the  solar  radiance  rather  more  than  150  times. 
We  may  then  allow  that  they  proceed  from  &  photospheric 
expanse  fifty  times  ampler  than  the  sun's,  which  must  encom- 
pass a  globe  342  times  more  voluminous.  Assuming  further 
for  $  Centauri  (as  for  Rigel)  a  density  one-fourth  the  solar, 
we  obtain  the  result  that  it  is  of  85  times  the  solar  mass. 
Owing,  however, to  the  comparative  remoteness  of  its  surface  from 
its  centre,  gravity  has  there  leas  than  twice  the  power  which  it 
exercises  on  the  sun.  Putting  it  otherwise,  tho  acceleration 
of  a  falling  body  on  &  Centauri  is  about  750  feet  a  second. 
The  value  of  this  ■  constant  ■  is  probably  of  essential  import- 
tance  in  determining  the  character  of  stellar  spectra ;  hence 
attempts  at  its  estimation,  despite  the  uncertainties  that 
hamper  them,  are  worth  making. 

The  Pleiades  are  tolerably  mature  helium  stars ;  Alcyone 
was  selected  by  Miss  Maury  as  the  type  of  her  fifth  group. 
Some  of  its  associates  show  hazy,  others  sharp  lines.  Algol 
approaches  still  closer  to  the  boundary  of  the  Siriun  class,  its 
**  Orion  lines "  being  quite  secondary  to  the  hydrogen  set. 
Regulus  is  of  nearly  tho  same  standing,  but  its  spectral 
markings  are  dim  and  diffuse;  those  of  inferior  intensity  thus 
make  no  appreciable  impression,  and  the  star's  rays  are  all 
but  exempt  from  absorptive  encroachments. 

They  indeed  tell  but  slightly  throughout  the  entire  class  of 
helium  stars,  and  this  seems  to  Induutc   the  abseuce  of  any 

1  Cf.  X.  Cotton  or.  '*KirclihofT»Uw,"  JtintjtS.  Journ.  vol.  BE,  |».  244,  not*. 
>  Hoggin*,  Alius »/  Hp4dra,  p.  US. 
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strong  contract  m  temperuture  between  their  photospheres 
and  the  encompassing  incandescent  vapours.  That  these  are 
exceedingly  tenuous  is  rendered  almost  certain  (as  already 
pointed  out)  by  the  non-reversal  of  the  blue  line  of  calcium. 
As  to  their  relative  temperatures,  no  dogmatic  assertion  is 
possible.  The  effecte  of  transcendental  heat  evade  inquiry. 
We  cannot  without  hesitation  assume  that  known  rules  apply 
under  unknown  conditions.  The  "  temperature "  of  the 
electric  spark  is  a  purely  conventional  expression ;  to  what 
state  of  matter  it  actually  corresponds,  can  barely  be  surmised. 
Yet  it  is  important  to  remember  that  the  progression  of 
holium  stars —  if  the  testimony  of  their  silicon  lines  be 
credible — is  towards  this  state  from  a  lower  degree  of  mole- 
cular excitement ;  while  their  "  high-temperature  magnesium 
ray,  present  at  the  start,  gains  prominence  by  accordant 
gradations. 

The  inverse  relationship  between  helium  and  metallic 
absorption  is  extremely  significant  They  seem  to  be  almost 
incompatible ;  one  tends  to  effacement  with  the  incoming  of 
the  other.  Yet  it  must  be  borne  in  mind  that  both  subsist 
together  in  sun-spots,  where  a  condition  of  things  temporarily 
arises  enabling  helium  to  exert  its  proper  stoppage  upon  light. 
Spot-spectra  thus  approximate,  so  far,  to  stellar  spectra  of  the 
"  Orion  "  stamp.  Here,  no  doubt,  we  hold  the  clue  to  some 
profound  physical  analogy,  the  investigation  of  which  may 
help  to  dissolve  part  of  the  mystery  shrouding  the  "process 
of  the  suns."  Moreover,  oxygen,  nitrogen,  and  "  cosmic " 
hydrogen  (if  we  may  so  call  the  modified  gas  giving  the 
Pickering  lines)  are  even  more  sensitive  than  helium  to  the 
adverse  influence  of  metals.  This  statement  is  scarcely  im- 
pugned by  the  fact  that  a  trace  of  oxygen -absorption  survives 
in  the  sun. 

The  closest  connections  of  early  helium  stars  are  with 
members  of  the  Wolf-Rayet  family.  But  for  the  dusky  lines 
of  magnesium  and  calcium  apparent  in  them,  their  spectra 
might  indeed  be  said  to  reverse  the  Wolf-Rayet  radiations. 
Later  on,  when  nebular  symptoms  disappear,  when  helium 
fades,  and  faint  iron  lines  crowd  in,  they  slide  imperceptibly 
into  the  Sirian  stage  of  existence.  No  halt  is  cried.  The 
frontier  is  crossed  without  advertence. 
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Helium  stars  arc  not  equably  scattered  over  the  sphere. 
Their  condensation  towards  the  plane  of  the  Milky  Way,  first 
noticed  by  Pickering,1  was  strongly  emphasised  by  McCleau's 
southern  Burvey.  "  In  the  contiguous  constellations  of  Musca. 
Crux,  Centaurus,  and  Scorpio,"  he  tells  us,9  "there are  twenty- 
seven  helium  stars  out  of  a  total  of  thirty-six  "  brighter  than 
3*5  magnitude,  and  the  proportion  in  Perseus,  Taurus,  and 
Orion  is  fifteen  out  of  nineteen.  It  would  be  desirable  to 
ascertain  whether  objects  of  inferior  lustre  are  similarly  swayed 
by  this  galactic  attraction.  But  up  to  the  present  nothing  is 
certainly  kuown  as  to  the  prevalence  of  the  type  among  faint 
stars.  Below  the  sixth  magnitude,  its  distinctive  marks  are 
hardly  recognisable.  The  conjecture,  however,  is  plausible 
that  Milky  Way  aggregations  are  composed  mainly  of  helium 
suns,  large  and  small.  But  since  their  great  intrinsic 
brilliancy  renders  them  visible  at  distances  completely 
quenching  the  rays  of  solar  stars  of  the  same  size,  they 
should  preponderate  in  the  Milky  Way  for  this  reason  alone, 
apart  from  any  real  numerical  superiority.  So  that  the 
question  of  their  distribution,  like  most  others  in  stellar 
physics,  has  complex  bearings.  Helium  stars  are  plunged, 
without  any  known  exception,  in  abysmal  depths  of  space. 
None  have  been  found  within  a  radius  measured  by  about 
seventy  years  of  light-travel.  They  frequent  a  sidereal  region 
different  from  ours,  where  uebulse  linger  and  stars  with  blaz- 
ing chromospheres  have  their  habitat. 

1  AHr.  Koch.  No.  3025. 
*  S/ncira  of  Svutkcr*  .f(tir$>  p.  9. 


CHAPTER    IV 

HYDKOGEN    STARS 

Helium  and  hydrogen  sun*  win  not  be  quite  definitely  Mt 
apart.  The  two  classes  commingle.  A  transition  ipeaiflua 
of  uncommon  interest  is  found  in  17  Leonis,  which  combine* 
some  of  the  peculiarities  of  a  <*ygui  with  a  powerful  develop- 
ment  of  the  hydrogen  series.1  Another  is  presented  by  0 
Aquihe,  placed  by  Mr.  McCleun  l>esiile  mifli  clearly  char- 
acterised helium  stars  as  Algol  and  Pleione,  but  by  Miss 
Maury  in  the  group  with  Sirius  and  Vega.  Even  Vega, 
although  a  perfectly  normal  member  of  the  hydrogen  class, 
preserves  a  vestige  of  helium  absorption  in  the  typical  "  Orion 
line/'  X  4472  ;  and  its  frequent  companion,  X  4026,  emerges  to 
view  in  stars  like  f  Aquila?,  in  which  hydrogen  approaches  a 
maximum  of  strength.  Both  these  lines  are  in  the  laboratory 
immediately  associated  with  D8,  as  members  of  the  first 
subordinate  series  of  the  "  yellow  "  helium  set.  None  of  the 
special  Wolf-Rayet  lines  occur  in  hydrogen  stars ;  the  Picker- 
ing series  is  unrepresented ;  the  "  blue  bands  "  have  no  dark 
counterparts ;  oxygen  and  nitrogen  lines  seem  to  have  died 
out.  Between  the  broad  black  bare  of  the  Huggins  series, 
however,  crowds  of  ghost-like  metallic  rays  are  discernible. 
More  than  one  hundred  and  thirty  of  these  nascent  markings 
were  counted  by  Miss  Maury  in  the  photographed  spectrum 
of  Sirius,  and  her  search,  owing  to  the  limited  range  of  the 
plates,  could  only  be  partial. 

Sirius  is  perhaps  a  slightly  "  older "  star  than  Vega. 
Helium  haa  entirely  disappeared  from  its  spectrum,  and  more 
familiar  elements   take   its   place — sodium,  iron,  magnesium, 

1   A.  C.   Maury,  Harvard  Annals,  toI.  ixriii.  p.  24. 
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calcium,  silicon,  with  titanium,  vanadium,  barium,  and  perhaps 
chromium  and  nickel1  A  remarkable  group  of  lines  high  up 
in  the  ultra-violet  is  of  uiiHurmised  origin.  Photographed  by 
Sir  William  and  Lady  Huggins  4th  April  1890,8  their 
approximate  wave-lengths  ore  XX  3338,  3311,  3278,  3254. 
3  226,  3199,  while  the  head  of  the  hydrogen  series  stands  at 
X  3646.  They  are  accordingly  more  refrangible  than  any 
possible  hydrogen  line ;  nor  could  impressions  of  them  be 
obtained  with  apparatus  including  glass  prisms  or  lenses,  for 
which  reason  they  are  bo  be  found  only  on  the  Tulse  Hill 
spectrographa  The  interpretation  of  these  recondite  char- 
acters offers  an  alluring  problem.  Although  absent  from  the 
light  of  Vega,  they  will  doubtless  be  recognised,  when  duly 
sought,  in  other  Sirian  stars ;  but  exposures  of  the  requisite 
kind  are  laborious,  and  seldom  undertaken.  Yet  just  such 
special  investigations  are  likely  to  be  the  most  fruitful. 

Sirius  is  the  best-known  luminary  of  its  class.  This  for 
two  reasons.  First,  because  of  its  vicinity.  Light  travels 
from  the  star  to  the  earth  in  rather  less  than  nine  years. 
Next,  because  of  our  fairly  complete  acquaintance  with  the 
nature  of  its  binary  revolutiona  They  have  now  been  closely 
observed  during  forty  years,  and  their  period  is  fifty- two. 
Hence  the  mass  of  the  system  has  been  determined,  and  it 
has,  moreover,  been  apportioned  with  satisfactory  exactness 
l>etween  the  members.  Their  disparity  in  gravitative  power 
proves  to  be  small  compared  with  their  enormous  inequality 
in  lustre.  The  companion  is  a  mere  point  of  light  outshone 
36,000  times  by  its  radiant  primary,  which  is,  nevertheless, 
more  massive  only  in  the  proportion  of  2*36  to  11.  This 
quaai-obscurity  of  the  Sirian  satellite  is  very  curious ;  but  our 
present  concern  is  with  the  majestic  orb,  in  the  blaze  of  which 
it  is  almost  lost  to  view.  From  Dr.  See's  orbital  elements, 
combined  with  Sir  David  Gill's  parallax,  a  mass  is  deduced 
for  it  just  two  and  a  half  times  that  of  the  sun.  Tf,  then,  it 
were  a  body  of  the  same  average  density  and  surface  lumin- 
osity it  should  give  nearly  twice  (184  times)  as  much  light 
In  actual  fact  Sirius  is  of  at  least  twenty-one  times  the  solar 
brilliancy.      This   estimate   is   arrived   at   by   taking  a.,  the 

1  FrMt-Scheiner,  Attnmomiail  Sp&tr***opp,  p  743. 
*  Proe.  Royal  Scefaty,  *©l.  xltiii.  p.  VI*. 
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brighter  component  of  a  Ccntuuri,  as  an  intermediary.  Sir 
David  Gill  has  shown  that  its  spectrum  13  a  replica  of  tho 
solar  spectrum ;  its  revolutions  prove  it  to  be  of  equal  mass 
with  the  gun,  and  it  is  hence  assumed  with  the  highest 
probability  to  emit  sensibly  the  same  amount  of  light.  It 
may  accordingly,  in  comparisons  of  stellar  brightness,  be 
substituted  for  tho  sun,  the  uncertainty  attending  the  direct 
confrontation  of  enormously  unequal  light-sources  being  thus 
avoided.  Now  the  distance*  from  the  earth,  and  the  photo- 
metric magnitudes  both  of  a^  Geutauri  and  of  Sirius,  are  well 
known,  so  that  it  is  cosy  to  calculate  how  one  star  would 
appear  in  the  place  of  the  other.  Sirius  is  twice  as  far  off  as 
the  southern  binary ;  transferred  to  that  remoteness  at 
Centauri  would  then  show  one-quarter  ita  present  brilliancy ; 
it  would  be  of  1  It  magnitude,  just  matching  the  chief  star  in 
the  Plough.  It  would  accordingly  be  3*3  magnitudes  fainter 
than  Sinus,  which  is  as  much  as  to  say  that  it  gives  only  ^ 
jtart  of  its  light.  And  the  sun,  similarly  located,  would  be  of 
the  same  faintness. 

Thus  Sirius,  while  two  and  a  half  times  more  massive, 
is  twenty  -  one  times  more  luminous  than  the  sun.  Or, 
putting  it  otherwise,  the  solar  ratio  of  light  to  englobed 
matter  is  exceeded  more  than  eleven-fold.  Three  causes  may 
concur  to  produce  this  effect  One  of  them  we  know  to  be 
present.  It  is  quite  certain  that  the  Sirian  beams  are  almost 
undimmed  by  self-absorption,  whereas  those  of  the  sun  are 
reduced  probably  to  one-third  their  original  intensity.  A 
second  contributory  cause  to  the  brilliancy  of  this  star  may 
be  found  in  its  great  bulk.  It  is  likely  to  be  much  lees 
condensed  than  the  sun,  consequently  to  possess  a  much 
larger  extent  of  photosphere  relatively  to  mass.  A  luminous 
area  multiplied  four  times  would  explain  the  outstanding 
disparity  of  brightness,  but  would  involve  a  reduction  of 
mean  density  to  one-eighth  the  solar  standard,  or  about  one- 
sixth  that  of  water.  There  remains  the  third  factor  of  abso- 
lute areal  brilliancy ;  but  its  value  presumably  depends  upon 
temperature,  and  comparative  stellar  temperatures  must  for  the 
present  be  left  an  open  question.  We  are  only  able  to  conclude 
that  if  Sirius  and  the  sun  be  on  a  par  as  to  intrinsic  shining 
l>ower,  then  the  star  is  probably  about  eight  times  more  tenuous. 
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Vegii  is  bo  much  more  remoto  than  Sirius  that  it  may 
safely  be  stated  to  quadruple  its  emissions.  Its  mass,  how- 
ever, remains  undetermined,  since  it  sways  no  detected 
companiou  willi  a  measurable  force.  That  it  is  small  com- 
pared with  its  light  can  hardly  he  doubted  Indeed,  through- 
out the  hydroi^eu  class,  this  rule  prevails  to  all  appeurunee 
universally. 

The  temperature  of  the  stars,  as  already  remarked,  is  one 
on  which  dogmatic  assertions  are  best  avoided.  All  authorities 
agree  nevertheless  that  the  conditions  governing  light-produc- 
tion in  such  orbs  as  Sirius  and  Vega  approximate  in  many 
important  respects  to  those  present  in  a  disruptive  electric 
discharge.  One  important  item  of  evidence  to  this  effect  is 
the  prominence  in  spectra  of  this  class  of  metallic  lines  weak 
in  the  arc,  but  strong  in  the  spark.  ■  The  general  result."  Sir 
Norman  Lockyer  says,1  "  of  the  investigation  of  the  enhanced 
iron  lines  in  stellar  spectra  confirms  the  view  that  the  absorb- 
ing regions  of  the  hottest  stare  exist  at  a  higher  temperature 
than  is  attainable  in  laboratory  experiments."  Concurrent 
testimony  was  derived  from  variations  of  relative  intensity 
in  the  magnesium  and  calcium  lines  shown  by  particular 
stars.  But  no  allowance  was  made  for  modifications  resulting 
from  differences  of  pressure,  which  the  Tulse  Hill  researches 
had  proved  to  be  highly  influential.  Hence  the  absence  in 
Sir  in)  stars  of  the  "blue"  line  of  calcium  (X  4227)  tells 
nothing  by  itself  as  to  their  temperature.  The  special  value 
of  Dr.  Scheiner'e  magnesium -test  is  that  the  opposite  behaviour 
of  the  two  lines  considered  (X  4481  and  X  4352)  excludes  the 
density-factor.  For  increase  of  heat  may  occasion  the  weaken- 
ing of  individual  lines  concurrently  with  the  strengthening  of 
others  ;  but  changes  of  pressure  must  always  act  in  the  same 
direction — though  not  necessarily  to  the  same  extent — on 
every  element  of  the  spectrum  affected  by  them.1  Professor 
Keeler*  suggested  that  by  means  of  the  magnesium  triplet,  6, 
inferences  as  to  temperature  in  stars  might  be  extended  to 
grades  beyond  the  possibility  of  artificial  production.  This 
group  is  conspicuous  alike  in   the  flame,  arc,  and  spark ;  it 

'    TV  AM*J  Ptiu*  in  .Vtur*,  p.  30.Y 
1  A'itnm^rieAXr,  Berlin.  Marcl  ISM. 
'  Attr.  ami  Aaltvpkynct.  rol.  ftiii.  p.  400. 
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cannot  l>e  experimentally  abolished,  yet  it  fails  (as  we  have 
aeen)  to  appear  in  Rigel,  and  emerges  very  feebly  in  Sirius 
and  Vega.  Now  it  belongs  to  a  subordinate  scries  due  to  a 
special  molecular  arrangement,  which  could  not  easily  persist 
in  an  extreme  stage  of  heat.  And  u  break-up  "f  the  arrange- 
ment would  be  marked  by  the  efTacement  of  the  triplet  in 
the  green.  "  If  this  reasoning  is  correct."  l*rofessor  Kcclcr 
wrote,  ■  the  aspect  of  the  &-lines  in  stellar  spectra  given  w  an 
extension  of  the  method  proposed  by  Scheiner,  and  it  shows 
that  the  temperature  of  certain  stars  exceeds  that  of  the  most 
powerful  electric  spark." 

The  long  range  of  powerful  hydrogen  linen  in  Si  rum 
ipectru,  on  the  other  hand,  cannot  be  regarded  as  a  sure 
symptom  of  excessive  heat  It  seems  rather  to  indicate  an 
approach  to  homogeneity  in  the  originating  stratum.  Th« 
abridgment  and  enfeeblnuant  of  the  series,  and  the  develop- 
ment of  metallic  absorption,  follow  the  sum*  course,  which  is 
certainly  not  prescribed  hy  thermal  change.  This  inverse 
relation  has  not  so  far  been  satisfactorily  accounted  for.  The 
most  plausible  hypothesis  regarding  it  is  that  of  Sir  William 
and  Lady  Hutfgins,  who  connect  it  with  the  inevitable  gain  of 
effective  gravity  in  condensing  globes. 

Nor  can  the  intensity  of  the  higher  spectral  sections  be 
taken  as  an  unequivocal  sign  that  hydrogen  stars  are  hotter 
than  the  sun.  For  it  may  be  caused  not  by  the  intrinsic 
emissive  superiority  of  their  photospheres,  but  by  their  un- 
veiled condition.  We  know  that  the  sun's  more  refrangible 
rays  would,  through  the  removal  of  his  absorbing  atmosphere, 
acquire  strength  enough  to  turn  the  balance  of  colour  from 
yellowish  to  bluish,  and  it  is  amply  possible  that  its  spectrum, 
displayed  to  equal  advantage  with  that  of  Vega,  might  rival  or 
outdo  its  actinic  compass. 

Fomalhaut  (a  Piscis  Austrini)  is  a  fine  example  of  an 
advanced  hydrogen  star.  Metallic  lines  are  considerably 
more  developed  in  it  than  in  Vega  or  Sirius ;  the  Mc Clean 
spectrograms  show  a  profoundly  grooved  K  line,  and  its  blue 
associate  (\  4227)  is  faintly  reversed.  The  "spark  ray"  of 
magnesium  (X  4481)  is  prominent.  Miss  Maury  prints  a 
table  of  wave-lengths '  measured  from   the  Harvard  spectro- 

1  Harvard  AnnaJi,  toL  ixviii.  p.  27. 
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grams  of  this  star  which  deserves  particular  attention  as  a  record, 
perhaps,  of  a  transition  epoch  in  stellar  growth.  Lines  of 
iron,  titanium,  and  silicon  arc  readily  identifiable  in  it,  hut 
most  of  the  entries  have  no  ohvious  meaning.  Fomalhaut  is 
of  1  ■:;  magnitude,  and  Sir  David  Gill  has  determined  for  it  a 
parallax  of  Oil)"  showing  it  to  be  almost  six  times  more 
remote  than  a  Centauri  Its  real  brightness  is  hence  easily 
found  to  be  fourteen  and  a  half  times  that  of  the  sun.  I  u 
mass  and  density,  however,  remain  entirely  unknown. 

As  illustrating  the  physical  differentiation  of  bodies  to  all 
appearance  chemically  similar,  two  stars  may  be  singled  out. 
These  are  Castor  and  7  Ureas  Majoris,  the  third  of  the  Plough. 
Both  are  included  in  Miss  Maury's  Group  viii,  and  both 
show  deep  and  broad  furrows  of  hydrogen.  The  spectra,  in 
fact,  bear  the  same  inscription,  only  printed  from  dissimilar 
types.  In  y  Urate,  the  spectrum  of  Castor  is  viewed,  as  it 
were,  out  of  focus.  The  lines  distinct  in  the  one  are  hazy 
and  diffuse  in  the  other ;  none  probably  tire  really  missing, 
though  a  good  many  are  effaced  by  expansion.  This  peculi- 
arity is  met  with  in  a  considerable  number  of  helium  and 
hydrogen  stars  forming  Miss  Maury's  "  division  V  In 
■  division  c"  on  the  contrary,  of  which  a  Cygni  is  the  best 
exemplar,  the  lines  are  notably  sharp  and  narrow,  while  in 
"  division  a  "  they  are  of  normal  appearance,  some  thin,  others 
fringed  or  winged.  The  cause  of  these  variations  is  obscure.  It 
would  naturally  be  connected  with  differences  of  pressure  in  the 
stellar  reversing  layers ;  and  this  again  must  depend  in  great 
measure  upon  the  locus  of  absorption,  which  probably  varies, 
not  only  from  star  to  star,  but  for  each  separate  substance  in 
the  same  star.  So  that  the  conditions  to  be  regarded,  even 
from  this  point  of  view  alone,  are  highly  complex. 


CHAPTER    V 

SOLAR    STARS. 

The  transition  from  hydrogen  to  solar  stars  is  effected  as 
gradually  as  the  transition  from  helium  to  hydrogen  stare. 
Metallic  absorption  comes  more  and  more  to  the  front  in 
successive  objects,  while  the  Huggina  series  retiree  into  the 
background.  There  are  no  definite  stopping-places ;  the  course 
of  change  flows  on  continuously.  At  a  certain  stage  of 
progress,  however,  the  characters  distinctive  respectively  of 
the  condition  that  has  been,  and  of  the  condition  that  is  about 
to  be.  appear  evenly  balanced.  The  hydrogen  lines,  although 
reduced  to  about  one-quarter  their  Sinan  intensity/  still 
muster  strong  even  in  the  ultra-violet,  the  metallic  spectrum 
being  at  the  same  time  pronounced  and  crowded.  This  medium 
state  can  be  studied  to  advantage  in  Procyon,  the  lesser  Dog 
star.  So  perfect  is  the  blend  of  types  shown  by  it,  that 
Professor  Pickering  found  it  difficult  to  decide  whether  the 
spectrum  was  actually  intermediate,  or  combined  the  Sirian 
and  the  solar  light  of  two  separate,  but  closely  conjoined 
stars.2  Either  alternative  is  possible,  but  the  former  is  the 
more  probable.  Nevertheless,  the  presence  of  the  full  com- 
plement of  Huggina  lines,  together  with  a  K-band  of  ten-fold 
the  intensity  possessed  by  it  in  Castor,  must  be  regarded  as 
somewhat  anomalous. 

Procyon  is  one  of  our  nearer  neighbours  in  space.  Dr. 
Elkin  has  measured  for  it  a  parallactic  shift  of  0*325*.  corre- 
s|K>nding  to  a  light-journey  of  ten  years.  And  the  revolu- 
tions of  a  faint  companion  complete  the  data   requisite  for 

1  A.  C.  Maury,  Harvard  AnnaU,  rol.  nviii.  p,  SO. 

-  A$tr.  ami  AMropky$iea,  rol.  xii.  p.  720. 
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Buffing  the  mass  of  the  system.  It  comes  out  2*7  times 
that  of  the  sun,  ami  we  cannot  be  far  wrong  in  assigning 
to  the  brilliant  component  twice  the  solar  quantum  of  matter. 
It  gives  nearly  quadruple  the  solar  light ;  yet  the  disparity 
between  light  and  mass  is  notably  reduced  from  the  Sirian 
standard.  Absorption  has  increased  as  condensation  has  pro- 
gressed.  The  rays  of  Procyon  are  perceptibly  tinted  with  yellow. 

A  similar  spectrum  is  shown  by  the  splendid  Canopus. 
The  extreme  remoteness  of  this  orb,  which  is  second  only  to 
Sirius  in  apparent  lustre,  compels  us  to  attribute  to  it  a 
prodigious  real  light-power.  It  has  no  measurable  parallax, 
and  no  sensible  proper  motion.  Only  a  minimum  estimate  then 
of  its  magnitude  is  practicable.  Sir  David  Gill  attached  to 
the  zero  representing  its  parallax  a  ■  probable  error  "  of  O'Ol  i  , 
Hence  the  measures  executed  do  not  exclude  a  parallax  of 
this  amount,  although  they  are  just  as  consistent  with  an 
equal- negative  value.  Canopus  then  may  be  no  further  off, 
but  cannot  be  nearer  than  a  light -journey  of  296  years. 
Admitting,  for  the  sake  of  illustration,  that  it  is  in  fact  at 
this  distance,  which  is  thirty  times  that  of  Procyon,  we 
obtain  the  astonishing  result  that  it  gives  no  less  than  3600 
times  its  radiance.  And  since  the  spectra  of  the  two  stars 
IgEte  nearly  line  l'">r  line,  this  li-urfl  BlUBt  represent  approxi- 
inately  the  ratio  of  their  photosphcric  areas,  that  of  their 
cubical  contents  being  216,000  to  one.  In  other  words, 
216,000  bodies  of  Procyon's  size  would  go  to  make  up  one 
such  globe  as  the  star  of  prehistoric  Egypt.  Yet  Procyon, 
as  we  have  seen,  is  a  sun  constructed  on  a  larger  scale  than 
our  own.  The  existence  of  a  luminary  so  vast  as  Canopus, 
although  bewildering  to  imagination,  need  not  appear  in- 
credible when  we  consider  the  immense  scope  of  creation,  and 
the  boundless  resources  variously  displayed  throughout  the 
ethereal  spaces  populous  with  stars. 

Another  interesting  specimen  of  the  Procyon  variety  is 
y  Cygni  Visually  of  2'3,  it  is  only  of  3'2  photographic 
magnitude.  This  implies  blue  absorption  to  an  extent  unusual 
in  the  presence  of  the  ultra-violet  hydrogen  series.  It  is 
accompanied  by  a  disproportionately  strong  K,  well  brought 
out  in  Mr.  MeClean's  spectrograms.1  The  star  resemble* 
■  F Ml.  Trmu.  toL  exct  |>Ut«  ft. 


SOLAR  STAKS  205 

a  Cygni  in  the  delimit!  character  of  its  Lines,  although  their 
chemical  meanings  are  very  different.  They  have,  however,  as 
yet  been  meet  imperfectly  deciphered.1  The  spectroscopic 
relations  of  y  Cygni  derive  added  importance  from  ite  apparent 
connection  with  a  far  -  spreading  galactic  nebulosity  photo- 
graphed by  Wolf  and  Ilarnard.  But  the  star  may  be  merely 
uecn  in  projection  upon  it.  The  paouliaritk-.s  of  it.-*  light  recur 
with  leaa  accentuation  in  that  of  1'olaria, 

A  very  close  approach  in  made  to  the  solar  spectrum  by 
^  Orionis  ;  virtual  identity  is  reached  by  (a|*lla,  17  Boot  in, 
and  a2  Ontauri.  It  iM  Bcarcely  compromised  in  Arcturus,  or 
any  of  its  numerous  associates  in  Group  xv. ;  the  Maine  lines 
subsist,  only  drawn  somewhat  more  heavily,  and  there  L*  an 
added  slunk-  of  ultra-violet  absorption.  Tho  steadiness  with 
which  the  solar  type  is  maintained, all  but  unrnodititM  through 
out  a  hirge  collection  of  objects,  is  very  remarkable.  Of  the 
681  bright  stars  investigated  by  Miss  Maury,  19  are  Capellaus, 

1 1 1  Arcturians ;  the  latter  are  barely  distinguishable  one 
from  the  other,  the  former  only  by  the  finest  grades  of 
difference.'  This  seems  to  indicate  a  jmrticularly  stable  phase 
of  stellar  existence.  Our  sun's  constitution,  we  con  infer,  is 
adjusted  to  a  high  degree  of  permanence ;  he  is  moving  along 
a  nearly  level  tract  of  his  evolutionary  journey,  and  will  decline 
with  extreme  slowness  from  his  actual  state. 

Solar  etars  are  to  be  found  of  all  sizes,  their  variety  in 
this  respect  forming  an  instructive  commentary  upon  their 
spectral  similarity.  Consider  Arcturus.  Dr.  Elkin,  from  a 
long  series  of  skilfully  planned  observations,  assigned  to  it  in 

1897  a  parallax  so  small  (0024")  that  its  light  cannot  reach 
us  in  less  than  136  years.  And  since  at  this  abysmal  remot- 
ness  it  outshines  the  sun's  twin,  a3  Centauri,  by  one-third  of 
a  magnitude,  the  actual  excess  of  its  brightness  must  be  at 
the  very  least  thirteen  hundred-fold-  In  view,  then,  of  its 
spectral  identity,  Arcturus  may  confidently  be  asserted 
to  possess  a  photosphere  1300  times  more  extensive 
than  the  sun's.  The  globe  it  encompasses  is,  accordingly, 
about  47,500  times  more  voluminous,  and  in  the  same  pro- 
portion (assuming  equal  mean  densities)  more   massive.      It 

1  Fowler,  KnowUdgt,  toI.  u.  \k  78. 
1  Harvard  AftmaU,  toL  xxviii.  p.  39. 
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follows  chat  gravity  exercises  over  the  surroundings  of  Arcturus 
thirty-six  times  its  solar  power.  Yet  its  spectrum  bears  no 
truce  of  sensibly  augmented  pressure.  We  are  confronted 
everywhere  in  sidereal  physics  with  this  seeming  inconsist- 
ency between  the  nominal  force  of  gravity  and  its  effective 
action. 

Pollux  (/?  Geminorum)  conforms  strictly  to  the  spectral 
pattern  of  ArcturuR.  It  is,  however,  a  full  magnitude  fainter 
und  at  only  half  its  distance;  it  must  accordingly  be  a  much 
smaller  body.  Its  superficial  area  is,  in  fact,  one-tenth  that 
of  Arcturus.  Nevertheless  it  contains  fifteen  times  more 
matter  than  the  sun,  and  gravity  at  the  surface  of  Pollux  has 
more  than  eleven-fold  its  solar  power.  Planets  revolving 
round  this  star  would  have,  at  the  same  distances,  periods 
about  one-quarter  the  length  of  thoae  belonging  to  the  earth 
and  its  sister  worlds,  our  year,  for  instance,  being  reduced  to 
ninety  days,  so  that  a  whole  summer  would  be  consumed  in  a 
brief  holiday  excursion. 

But  there  are  small  as  well  as  large  solar  stars.  An 
insignificant  object  in  the  Great  Bear,  catalogued  as  "  Groom- 
bridge  1618,"  and  noted  for  its  rapid  proper  motion,  is, 
according  to  Sir  Robert  Ball's  measures,  comparatively  near 
the  earth,  its  light  reaching  us  in  10  2  years.  The  sun, 
however,  in  that  position  would  be  four  and  a  half  magnitudes 
brighter,  for  it  radiates  fifty  times  more  powerfully.  The 
spectrum  of  1618  Grooinbridge  is  of  the  Arcturian  sub-class, 
bo  thut  the  proportion  of  its  mass  may,  under  reserve,  be  taken 
to  follow  the  proportion  of  its  light.  About  350  such  stars, 
then,  should  be  put  into  the  scale  to  balance  one  sun,  and 
gravity  at  its  surface  has  one-seventh  its  value  at  the  photo- 
spheric  level.  Another  minor  son  is  "Bradley  3077"  in 
Cassiopeia,  although  the  inferiority  is  here  slighter,  since 
Bradley's  star  emits  perhaps  ten  times  more  copiously  than 
*  in  Hi  in  bridge's.  Further  examples  of  the  kind  will  certainly 
come  to  be  known  when  some  progress  lias  been  made  with  the 
investigation  of  faint  spectra.  But  this  is  most  baffling  wmk. 
subject  to  the  illusious  that  everywhere  haunt  the  limits  of 
distinct  visibility. 

Enouglt  has  been  said  to  make  it  clear  that  the  Fraun- 
hofer    spectrum    is   exactly  copied  in   orbs    of  most  various 
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dimensions.  This  points,  in  Dr.  Schemer's  opinion,1  to  the 
closest  agreement,  not  only  in  the  percentage  of  the  chemicul 
••IriiieiitH  entering  into  their  composition,  hut  also  in  con- 
ditions of  temperature  and  pressure.  How  such  uniformity 
can  be  combined  with  widely  different  gravitational  constants, 
ie  extremely  hard  to  understand.  The  Tube  Hill  experi- 
ments, ulready  referred  to,  Bhowed  the  predominant  influence 
of  pressure  in  altering  spectral  characters.  Since,  then,  they 
are  the  same  in  Arcturus  and  Groombridge  1618,  there  is 
practical  certainty  that  the  calcium  envelopes  (for  in  stance) 
of  both  stars  do  not  differ  appreciably  in  tenuity.  Yet  tho 
compulsive  force  acting  upon  one  is  252  times  more  j>ower- 
f nl  than  that  exerted  on  the  other.  The  persuasion 
that  it  is  somehow  neutralised  is  irresistible.  We  might 
even  venture  tentatively  to  define  solar  stars  as  bodies 
in  which  the  ratio  is  the  same  between  gravity  and  elec- 
trical repulsion.  In  the  coarse  of  time,  doubtle* 
will  change ;  one  or  the  other  force  will  gain  relatively 
to  the  other,  and  the  spectral  type  will  vary  to  correspond. 
Pretfunjably  the  augmentation  of  strength  will  be  on  the 
attractive  side  ;  but  cosmical  electricity  is  still  an  unexplored 
region. 

*  The  symptoms  of  approach  towards  the  fluted  description 
of  spectrum  set  in  gradually,  and  are  of  two  kinds.  General 
absorption  of  the  more  refrangible  rays  spreads  and  deepens, 
and  specific  absorption  becomes  intensified  in  certain  dusky 
lines.  Conspicuous  among  these  is  the  "  blue  "  line  of  calcium 
(X  4227),  the  stress  laid  upon  which  unquestionably  signifies 
increased  density  in  the  absorbing  vapour.  This  is  just  what 
might  be  expected  to  accompany  the  progress  of  cooling  and 
contraction,  through  which  domestic  gravity  gains  advantage, 
as  acting  in  a  steadily  narrowing  sphere.  The  symptoms 
described  are  visible  in  a  Hydra;  and  f$  Cancri ;  they  are 
particularly  well  marked  in  Aldebaran.  The  last  is  a  glaringly 
red  star,  its  blue  emissions  being  mostly  arrested  by  its  own 
atmosphere.  Incipient  flutings,  too,  are  traceable.  It  is  the 
"  type  star  "  of  Miss  Maury's  sixteenth  group,  which  includes 
twenty -three  objects  scarcely  to  be  discriminated  as  regards 
the  quality  of  their  light.     "  From  the  greatly-increased  width 

1  Agronomical  Spectroscopy  (Frrwt),  p.  206. 


JOS 


PROBLEMS  IN  ASTROPHYSICS 


in  them,"  she  writes '  of  the  Line  at  \  4227,  "  it  would  appear 
to  be  complex,  and  to  include  lines  weak  or  absent  in  the 
stare  of  the  solar  type." 

Aldebaran  lias  a  parallax  of  one-tenth  of  a  second,  and  in 
of  standard  first  magnitude.  Its  real  brightness  is  then 
certainly  twenty-eight  times  greater  than  that  of  the  sun ; 
and  since  it  has  suffered  much  more  heavily  from  absorptive 
encroachments,  the  emitting  surface  must  proportionately 
exceed  the  spread  of  the  photosphere.  Even  apart  from  .my 
allowance  for  increased  density,  the  Taurus  luminary  may 
be  considered  by  a  quite  moderate  estimate  to  be  of  200 
times  the  solar  mass.  On  the  other  hand,  the  primary 
member  of  the  famous  pair,  61  Cygni,  which  as  to  spectrum 
is  a  faint  duplicate  of  Aldebaran,  ranks  very  low  in  the 
hierarchy  of  suns,  emitting,  in  fact,  only  g-J-j-  the  light  of  that 
great  red  orb.  Here,  again,  the  lesson  is  enforced  that  the 
widest  variety  of  size  and  mass  may  consist  with  spectral 
identity.  Aldebaran  is  encompassed  by  gaseous  strata 
apparently  no  denser  and  no  hotter  than  the  absorbing  layers 
in  61  Cygni.  This  circumstance  is  evidently  of  vital  moment 
in  stellar  natural  history. 

1  Harvard  AnnaU,  vol.  xtriii.  p.  40. 


CHAPTER    VI. 

HTAKfl   WITH    FLUTED   6PKCTHA. 

Twt  bine  light  of  these  stars  is  powerfully  absorbed  by  an 
intensification  of  the  screening  effect  observed  in  the 
They  are  accordingly  rufous,  or  red.  Their  spectra  arts  pro- 
foundly scored  besides  with  metallic  rays,  generally  agreeing 
in  position  with,  although  differing  in  relitiva  intensity  from, 
the  Frannhofer  lines.  Thus  the  calcium  line  in  tin-  blur 
has  gained  still  further  upon  the  great  pair  in  the  violet  than 
in  transition  stars  of  the  solar  type.  Finally,  banded  absorp- 
tion has  come  in.  A  complete  system  of  ten  or  eleven 
flutings,  sharp  towards  the  violet,  graduated  insensibly  towards 
the  red,  shadows  nearly  the  entire  visible  spectrum.  It  is 
printed  in  stereotype.  The  bands  are  variously  impressed, 
but  similarly  located,  in  all  members  of  the  class.  This  gives 
strong  assurance  of  an  identical  origin.  We  do  not  yet  know 
how  they  are  produced,  or  by  what  substances,  but  there  can 
be  no  doubt  that  their  explanation  in  one  star  will  apply  to  all. 
With  high  dispersion  the  bands  can  be  resolved  into  fine 
lines  set  very  close  together.1  The  fluted  effect  is  due  to  the 
crowding  of  these  lines  towards  a  limiting  wave-length  pre- 
scribed, beyond  question,  by  a  rhythmical  law.  For  that  each 
hand  represents,  as  it  were,  a  condensed  series  there  need  be 
no  hesitation  in  admitting.  Indeed,  by  mere  reduction  in 
scale  the  hydrogen  procession  in  a  white  star  assumes  the 
aspect  of  a  genuine  fluting.  A  promising  start  has  even  been 
made  in  the  research  of  laws  regulating  the  distribution  of 
lines  in  bands.9     Each  of  the  stellar  stripes  is  then,  so  far,  a 

1  Diiiut,  Sur  It*  ttoile»  .1  Spcctre$  de  la  Trtnnims  Claw,  p.  9. 

*  Thiclo,  Attroph.  Journ.  vol.  riii.  p.  1. 
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separate  entity,  while  all  way  be  linked  into  harmony  by 
subordination  to  some  higher  unknown  principle.  Whether 
they  originate  from  one  or  many  forms  of  matter  has  still  to 
he  determined ;  nor  is  there  any  certainty  as  to  whether 
elements  or  compounds  are  concerned  in  their  production. 

Stars  of  Secchi'a  third  typo,  forming  the  class  just,  now 
under  consideration,  are  divided  by  Miss  Maury  into  three 
groups.  An  tares  und  0  Andromeda?  belong  to  the  first  of 
these  ("  Group  xvii. ").  They  show  all  the  characteristic 
bands,  slightly  marked,  and  transparent  enough  to  allow  every 
detail  of  the  linear  spectrum  to  be  clearly  visible.  Betelgeux 
(a  Ononis)  is  the  pattern  of  the  next  group.  Its  prismatic 
light  makes  a  beautiful  and  wonderful  effect.  The  usual 
multiple  absorption  is  exerted  upon  it,  but  with  a  delicately 
balanced  power.  The  blue  rays  retain  appreciable  vivacity ; 
the  nutings  are  not  so  deep  as  to  obscure  the  underlying  rays ; 
they  are  finely  shaded,  yet  exquisitely  distinct.  Ten  were 
measured  by  Vogel  and  Duner,  the  strongest  of  which  are  the 
nltli  and  seventh,  with  their  stop  sides  at  X  5453  and  X 
£169  respectively.  Battalions  of  dark  lines  show  through 
them.  Ou  the  Harvard  plates  Miss  Maury  counted  463, 
mostly  composite,  between  the  sodium  D  and  the  calcium  H. 
'I'll!-  latter  and  its  associate,  K,  have  shrunken  somewhat  from 
their  giant  dimensions  in  Arcturus.1  Iron  absorption  pre- 
dominates. The  rays  significant  of  it  are  more  prominent 
than  in  the  sun,  and  some  have  unilateral  shadings — a  feature 
also  visible  in  the  spectra  of  sun-spots  and  of  metallic  oxides, 
and  indicative  probably  of  a  decline  in  heat.*  Professor 
Keeler  remarked  that  the  lines  in  Antariaii  stars  "  are  essen- 
tially those  of  the  solar  spectrum,  but  the  relative  intensities 
are  not  the  same,  and  the  general  aspect  of  the  spectrum  is 
quite  different  from  that  of  the  spectrum  of  the  sua  The 
strong  lines  are  mostly  those  of  iron — apparently  the  low 
temperature  lines.  Their  relatively  greater  strength  in  the 
star  spectrum  gives  to  some  well-known  solar  groups  (notably 
the  6  group)  quite  an  unfamiliar  aspect."  * 

Hydrogen-absorption  is  much  more  effective  in  Betelgeux 

1  Harvant  AhmiUm,  vol.  uriii.  |t  42. 

*   Kmat-Hrhntnnr,   AXr.  Syrrifmtopy,  |k  308. 

■   JMrvyk.  Join.  vol.  ft  |>.  4M. 
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than  in  any  other  spectrum  of  the  tluted  kind.  It  is,  how- 
aver,  distinctly,  though  feebly  represented  in  ull  by  the  four 
lowest  members  of  the  Huggins  series.  The  reet  ore  either 
absent  or  shrouded  in  overlying  vapours. 

In  p  Pereei,  a  star  capriciously  variable  between  :V4  and 
4 '2  magnitudes,  the  bands  are  perceptibly  deeiter  than  in  a 
Ononis.  On  the  other  hand,  the  metallic  rays  seem  rather 
lea  numerous  and  intense.  But  this  diminution  may  be 
more  apparent  than  rcaL  The  coiufuinitive  faintneas  of  the 
light  they  interrupt  would  partly  account  for  it,  and  the 
ulded  density  of  the  associated  (lutings  would  help  towards 
flfrtoement. 

Their  still  greater  opacity  in  a  Herculi*  occasions  eaects 
of  contrast  witli  the  vividly  tinted  Wright  /.ones,  described  as 
"  singular  and  magnificent "  by  Father  Secchi,  one  of  their 
earliest  observers  (see  Plate  XL  Fig.  1).  Professor  Keelcr, 
whose  study  of  fluted  spectra  was  based  on  photographs  of  high 
dispersion  showing  manifold  details,  found  tin-  dark  grooving*. 
pJMtiflll  in  a  Ononis,  to  be  present  only  as  a  comparatively 
scanty  survival  in  a  Herculia  Miss  Maury  reached  a  similar 
conclusion.  Yet  Dr.  Vogel  was  struck  with  tin*  richness  in 
absorption- lines  of  this  spectrum  and  the  analogous  one  of  fj 
Pegasi.1  Both  these  stars  vary  irregularly,  a  Herculis  from 
31  to  3*9,  $  Pegasi  from  2*2  to  2*7  magnitude  Next  to 
An  tares,  the  brightest  specimens  of  this  class  in  the  southern 
hemisphere  are  y  Crucis  and  ft  Gruis.  Mr.  McClean  obtained 
spectrographs  of  all  three  at  the  Cape  in  1897.* 

Uncertainty  has  often  been  expressed  as  to  the  true 
nature  of  the  luminosity  in  the  open  spaces  of  fluted  spectra. 
Are  they  simply  intervals  of  unshaded  photoepheric  radiance, 
or  is  their  brilliancy  reinforced  by  the  addition  of  bright 
lines  i  Just  where  they  meet  the  black  edges  of  the  shafts 
of  absorption,  their  splendour  exceeds,  in  the  opinion  of  some 
observers,  what  could  be  produced  by  contrast  alone.  It 
■wins,  nevertheless,  unlikely  that  rays  of  emission  should 
occur  in  these  positions  and  nowhere  else  in  the  same  spectra. 
Moreover,  illusory  impressions  of  the  kind,  both  visual  and 
photographic,  are  common  and  pertinacious.      Nothing,  how- 

1  PoUdam  Publicationen,  No.  14,  p.  2*2. 
•  Sjmtra  0/  Soutium  Stars,  PUte  it. 
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over,  in  more  inimical  bo  truth  than  dogmatic  denial ;  we  must 
lie  ready  to  admit  much  that  we  should  beforehand  have 
deemed  impossible,  evon  the  reality  of  far-fetched  coincidences ; 
for  anticipation  is  often  belied  by  fact  Professor  Keeler, 
whose  mind  was  singularly  free  from  prepossessions,  found  it 
"  impossible  to  avoid  the  conclusion  "  that  in  the  spectrum  of 
a  Herculis  "  the  edges  of  the  zones  bordering  on  the  dark 
bands  are  bright — much  brighter,  that  is,  than  the  average 
continuous  spectrum — und  that  they  are  due  to  a  real 
predominance  of  emission  at  the  regions  of  the  spectrum 
in  which  they  occur.  In  the  case,"  he  wrote  further,  "of  stars 
like  a  Orionis,  of  a  less  pure  type,  such  a  conclusion  could  not 
be  safely  drawn ;  yet  the  superior  brightness  of  the  spectrum 
at  these  places  is  obvious,  and  it  can  be  traced  even  in  second- 
type  stars.  May  there  not,  after  all,  be  bright  regions  iu 
the  solar  spectrum,  such  as  Draper  supposed  he  had  found 
in  the  places  of  the  bright  oxygen  lines  ?  And  what  is  the 
relation  between  the  dark  bands  in  third-type  stars  and  the 
bright  zones  which  border  on  them  ?  "  ' 

Questions  more  easily  asked  than  answered.  They 
suggest  doubts,  not  at  once  to  be  set  at  rest,  as  to  the  nature 
of  so-called  "  continuous  "  spectra,  May  they  not  in  certain 
oases  include  several  maxima  of  radiation  ?  The  possibility 
ia  at  least  not  excluded  of  individual  differences  in  this  respect 
between  stellar  photospheres.  Yet  of  true  gaseous  emis- 
sions there  seems  to  be  no  trace  in  Antarian  stars.  The 
admission  of  its  presence  could  not  be  made  for  one  without 
being  extended  to  all ;  and  many  spectra  of  the  class  are 
clearly  exempt  from  abrupt  intensifications. 

Chemical  recognition  has  not  been  carried  far  in  them.  The 
familiar  lines  of  only  five  substances — iron,  calcium,  magnesium, 
sodium,  ami  hydrogen — are  entirely  unmistakable.  The  rest 
await  more  searching  scrutiny.  It  will  be  of  especial  interest 
to  determine  whether  titanium  and  its  usual  associate,  vanadium, 
retain  in  these  objects  any  share  of  their  importance  in  sun- 
spots.  Helium-absorption,  too,  which  occasionally  emerges  to 
view  in  spot-spectra,  might  be  looked  for  with  some  prospect 
of  success,  but  is  likely  to  !*•  inconspicuous.  The  funda- 
mental problem,  however,  in  this  connection   relates  to  the 

1   Attnrpft.  fount,  rul.  vi  p  Ut. 
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origin  of  the  flutings.  It  ought  to  prove  capable  of  u  definite 
and,  so  to  speak,  a  simultaneous  solution.  For  the  members 
of  the  system  show  the  coherence  of  a  structural  design.  They 
form  a  marshalled  array,  an  interdependent  order.  Their 
occurrence  piece-meal  need  uot  then  be  expected.  They  will 
be  recognised  together  or  not  at  all. 

Stars  with  fluted  spectra  have  a  fixity  significant  of  im- 
measurable remoteness.  Yet  two — Antarcs  and  Betelgeux — 
are  of  the  first  order  of  apparent  brightness.  Their  real 
magnitude  must  hence  be  prodigious.  An  approximate 
estimate  of  it  can  be  arrived  at  in  the  case  of  Antares,  whirl, 
lias  an  ostensible  parallax  of  0021",  corresponding  to  a  light 
journey  of  155  years.  This,  ut  least,  whs  the  outcome  el 
Mr.  Finlay  s  measurements  at  the  Cape ;  but  it  is  bo  small  as 
U>  lie  but  slightly  outside  the  margin  allowed  for  IWt 
probable  error.  Itn  genuineness  can  then  only  be  assumed  for 
the  purpose  of  tiring  ideas ;  since  the  star  may  be  indefinitely 
further  off,  while  unlikely  to  be  appreciably  nearer,  than  this 
minute  annual  shift  asserts  it  to  be.  Under  this  reserve  we 
may  compare  Auturc*  with  our  standard  star,  a,  Ccntaari, 
which,  as  we  have  seen,  is  equivalent  to  comparing  it  with  the 
sun.  The  result  is  to  show  that  four  hundred  suns,  in  its 
place,  would  barely  supply  the  light  we  receive  from  the  dLUr 
ego  of  Mars.1  And  this  is  only  what  remains  after  a  heavy 
absorption-toll  has  been  levied — a  toll  of  probably  twice  the 
amount  paid  by  the  sifted  solar  beams.  The  photospheric 
extent  of  An  tares  may  then  be  set  down  as  at  least  eight 
hundred  times  that  of  the  sun,  while  the  immense  sphere  it 
covers  may  be  held,  on  good  grounds,  to  have  a  comparatively 
high  mean  density.  Even  on  the  basis  of  equality  in  this 
respect,  its  mass  would  exceed  that  of  the  sun  more  than 
22,000  times,  while  gravity  at  the  surface  of  this  unim- 
aginable globe  must  possess  at  least  twenty-eight  times  its 
solar  power.  Similar  reasonings  apply  to  Betelgeux,  only  with 
still  further  enlargement  in  measure  of  the  conclusions  they 
lead  to.  For  Betelgeux  is  a  more  brilliant  luminary  than 
Antarcs,  and  its  immobility  in  the  sky  is,  if  anything,  more 
nearly  absolute. 

1  The  sUr  wan  named  A.UAre.t  ("  like  M»m  "  )  bectiue  of  iti  rwemhUDOS  to 
the  pUnet  in  wtluur. 
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The  processes  of  interior  circulation  in  such  bodies  are 
extremely  difficult  to  realise.  The  intensity  of  radiation  must 
depend — other  things  being  equal — upon  the  promptitude  of 
delivery  at  the  photospheric  level  of  heated  stuff  from  within. 
This  must  increase  with  the  force  of  gravity,  which  is  the 
driving  power  on  ascending  and  descending  currents;  but  it 
must,  on  the  other  hand,  fall  off  as  the  sphere  they  traverse 
grows  more  compact.  The  manner  in  which  the  balance  is 
struck  in  each  individual  star  between  these  opposing  influ- 
ences transcends  every  rational  conjecture.  We  can  only 
see  that  it  must  vary  widely,  and  that  iU  variations  necessarily 
affect  the  photospheric  composition  and  the  radiative  character- 
istics of  the  globes  in  which  they  prevail. 

A  nt .in. in  stars  obey  no  special  law  of  distribution.  They 
are  scattered  at  large  over  the  heavens,  and  usually  in  isolated 
positions.  They  show  as  a  rule  no  tendency  to  gather  into 
groups.  A  collection  of  nine  specimens,  located  in  the  inter- 
vening space  between  the  two  grand  clusters  in  Perseus,  is 
perhaps  unique.  Discovered  by  Mr.  Espin  in  1891/  this  nest 
of  red  stars  appears  Like  a  garnet  clasp  linking  together  a  pair 
of  diamond  aigrettes.  They  are  of  about  the  eighth  magnitude, 
but  may  nevertheless,  since  they  are  assuredly  vastly  remote 
be  most  majestic  orbs.  Not  that  we  should  ascribe  to  all 
stars  of  this  spectral  type  the  colossal  dimensions  of  Betel- 
geux  and  An  tares.  The  same  degree  of  variety  may  be 
supposed  to  exist  among  them  as  among  solar  stars.  Vet 
the  analogy  may  not  hold.  It  is  conceivable  that  very  great 
mass  is  h  pre-reijuisite  for  the  development  of  a  fluted 
spectrum. 

1    li.mtkly  Notitrn,  vol    !ii.  p.   154. 
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Stark  of  Secehi's  fourth  type,  also  known  <w  "  carbon  stnrB," 
are  the  most  exclusive  of  stellar  families.  They  hold  remark- 
ably aloof  from  every  other.  They  have  indeed  traceable 
relationships ;  but  the  genealogy  obscurely  indicated  by  them 
needs  authentication. 

Mr.  Etipin  published  in  1898  a  catalogue  of  237  carbon 
star*,'  and  about  a  dozen  objects  of  the  kind  have  since  lieen 
detected.  None  are  as  bright  as  the  fifth,  and  only  seven 
exceed  the  sixth  magnitude'  Their  iD0otispicuousnc8H  probuM> 
ariaes,  not  from  any  deficiency  of  intrinsic  light -power,  but 
from  the  overwhelming  absorptive  action  of  their  atmospheric 
envelopes.  Thus  only  a  small  part  of  their  original  radiations 
attain  to  outer  space  ;  none  of  the  shorter  wave-lengths  escape  ; 
the  spectra  are  cut  off  short  a  little  below  the  place  of  the 
blue  calcium  line.  Intense  visual  redness  is  a  consequence. 
These  stars  glow  sanguine  in  the  field  of  the  telescope ;  they 
are  variously  compared  to  "drops  of  blood"  to  carbuncles, 
garnets,  or  rubies.  By  a  rough  estimate,  12  per  cent  are 
strikingly  variable,  the  proportion  being  nearly  the  same  as 
for  third-type  stars.  Scarcely  any,  however,  shine  steadily ; 
if  attentively  watched,  they  can  be  perceived  to  flicker  and 
fluctuate  more  or  less  extensively.8  Some  of  their  changes  are 
indeed  so  lasting  as  to  suggest  a  permanent  drop  or  rise  (as 
the  case  may  be)  in  the  photometric  scale.  The  circumstance 
that  instability  of  light  ordinarily  accompanies  redness  of 
colour  in  stars  is  most  curious  and  significant. 

1  Monthly  Notk*$,  vol.  Iriii.  p.  44S. 
:  AtlToph.  J<mrn.  vol.  x.  p.  93.  ■  Ki}>iii,  tec.  eit. 
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The  fundamental  characteristic  of  fourth-type  spectra  is 
the  presence  of  three  deep  bands,  degraded  towards  the  violet, 
sharp  towards  the  red.  They  are  a  negative  copy  of  the 
emission-bands  displayed  by  comets.  Five  or  six  additional 
dusky  stripes,  so  far  unidentified,  are  of  less  distinctive  con- 
struction. The  general  effect  of  these  spectra  differs  from  that 
of  the  fluted  sort  chiefly  in  two  ways.  First,  the  columns  of 
absorptiou  are  broader  and  more  massive ;  they  are  of  Doric 
rather  than  Ionic  proportions.  Secondly,  they  are  illuminated 
from  the  opposite  direction ;  the  chiaroscuro  is  inverted. 
Their  variations  of  relative  intensity  in  different  objects 
have  been  proposed  as  subsidiary  classification-marks,  but 
cannot  be  much  insisted  upon.  Such  individualities — as 
Professor  DuneV  pointed  out — do  not  imply  radical  dis- 
tinctions; and  they  are  so  prevalent  and  so  various  that, 
by  closely  attending  to  them,  "  one  might  easily  get  as  many 
subdivisions  as  there  are  stars,"  1 

The  linear  spectrum  in  carbon  stars  is  seen  with  difficulty 
through  the  cloak  of  the  bands.  It  is,  however,  none  the  lees 
important  Sodium  and  iron  contribute  to  it,  but  most  of 
its  constituents  still  lack  interpretation.  Hydrogen  and  helium 
alike  fail  to  appear.  No  calcium  lines  are  visible .  indeed 
those  in  the  blue  and  violet,  which  would  most  naturally  be 
looked  for,  could  not  show  through  the  dense  veil  of  absorp- 
tion shrouding  the  upper  spectral  reaches ;  so  that  their 
seeming  absence  is  consistent  with  the  presence  of  a  calcium 
ingredient  in  the  stellar  atmospheres.  Their  carbonaceous 
strata  nevertheless  give  them  their  special  character.  No  other 
sidereal  objects,  except  an  imperfectly  observed  variable  star, 
show  a  trace  of  the  coraetary  analogy  prominent  in  the  fourth 
spectral  type. 

The  carbon  bonds,  which  constitute  ite  leading  feature, 
were  identified  by  Father  Secchi  in  1868,  and  he  noticed 
besides  certain  bright  lines,  the  reality  of  which,  Long  dis- 
credited, has  quite  recently  been  confirmed  He  noticed  them, 
however,  somewhat  confusedly,  for  he  at  times  failed  to  keep 
them  apart  from  the  illusory  effect  of  vivid  emission  caused  by 
the  prismatic  gleaming  of  the  intercolumnar  zones.  Professor 
Hale   in    1898,  effectively  aided    by    Mr.   Ellerman,  applied 

1   Attroph.  Jotrn.  vol.  i*.  p.  1S2. 
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tin*  photographic  method  with  remarkable  rfucctim  to  the 
investigation  of  these  spectra.  They  offer  no  facilities 
to  the  camera.  The  use  of  ordinary  plates  is  of  course 
precluded  by  their  deficiency  in  blue  rays ;  only  those 
rendered  "  orthochromatic  "  by  suitably  dyun  avail  for  their 
delineation ;  and  theae  are  found  practically  inconvenient 
owing  to  irregularities  in  sensitiveness.  A  scries  of  splendid 
pictures  was  nevertheless  obtained  witli  the  aid  of  the  Yerke* 
forty-inch  refractor ;  but  tho  arduouanees  of  the  undertaking 
can  bo  estimated  from  the  fact  that,  with  a  train  of  three 
prisma,  exposures  of  nine  hours  were  required  to  secure 
impressions  comparable  with  those  ^ivon  by  the  spectrum  of 
Hetclgcux  in  twenty  seconds. 

The  research  embraced,  to  begin  with,  twenty-two  stars, 
ranging  from  5*4  to  8'2  magniMiilr  '  M.wi.  ni'  \]w  ..j^iro- 
graplis  were  limits!  to  the  region  1)  i.o  b ;  but  a  few  extended 
to  X  4450.  where  dark  blue  merges  into  indigo,  and  one  ranged 

'■:    ii(»wii  in  tin- criiuMHi.       This  was  tlt-rivrd  Inmi  the  bright*-*! 

specimen  of  the  type,  numbered  152  in  Schjellerup's  Catalogue 
<»f  R*d  Star*.  Situated  in  Canes  Venatici,  it  show*  a  ni*xjtruin 
of  such  rare  beauty  as  to  justify  the  title  of  "  I-a  Superba," 
bestowed  upon  it  by  Secchi  in  1868.  Its  yellow  section, 
photographed  by  Hale,  is  shown  in  Plate  XI.  Fig.  2.  A  sur- 
prising amount  of  detail  is  imprinted  in  it.  On  the  original 
negatives  over  a  hundred  lines  were  measured  where  no  more 
than  three  or  four  had  been  previously  recorded.*  Most  of  them 
are  dark,  but  some  are  bright,  among  which,  apparently,  may  be 
reckoned  two  yellow  rays,  compared  by  Secchi  to  "  exquisite 
threads  of  gold."  They  are  prominent  in  our  figure  at 
wave-lengths  X  5593  and  X  5693,  which,  as  Professor  Hale 
was  careful  to  point  out,  "  agree  very  closely  with  "  those  of 
"  two  bright  lines  in  the  spectra  of  the  Wolf-Rayet  stars, w  8 
He  adds  the  caution  that,  several  other  similar  approximate 
coincidences  notwithstanding,  "  it  is  too  soon  to  conclude  that 
these  classes  of  stars  are  related."  A  fine  group  of  vivid 
green  lines  was  also  photographed,  and  some  blue  rays  were 

1  Astrop/i.  Journ.  vols.  viii.  p.  '237,  ix.  p.  271,  z.  p.  87. 

:  Hale,  First  Annual  Report,  p.  7.  Spectrographs  of  l&'2  Schjellenip,  taken 
hy  McClean  with  two  hour*'  ex|>oaure,  ware  daacribed  by  him  in  1897  as  allowing 
a  multitude  of  dark  linea. — Monthly  Notices,  vol.  Ivii.  p.  8. 

3  Attroph.  Journ.  vol.  viii.  p.  239. 
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.-  uajtected.  Although  intensely  red,  152  Schjellerup  has  not 
becu  observed  to  vary  from  55  magnitude. 

The  typical  star  of  Miss  Maury's  "  Group  xxi."  is  19  Pis- 
ciuxn.  It  shows  a  splendid  four-zoned  spectrum,  vivified  by  the 
twinkling  of  emission  rays  (see  Plate  XH.  Fig.  2).  Seech i 
noted  in  it  the  shining  uf  the  same  "  threads  of  gold  "  pre- 
viously seen  in  152  Schjellerup,1  and  bhey  may  be  considered 
as  a  feature  common  to  all  spectra  of  this  claaa  The  opinion 
to  this  effect  expressed  by  M.  Duner  carries  great  weight.  It 
was  iu  1884  entirely  adverse  to  the  reality  of  the  bright  lines 
recorded  by  the  Roman  astronomer ; J  but  he  changed  hit 
de«  ou  improving  his  instrument.  The  materials  for  hi** 
invaluable  Memoir  of  1884  were  collected  with  the  Lund  ten- 
inch  refractor ;  in  1893  a  Steinheil  of  fourteen  inches  aperture 
became  available  to  him  at  TJpeala.  With  it  he  at  once 
undertook  a  revision  of  his  former  work*  which,  although 
hampered  by  serious  interruptions,  progressed  steadily  down 
to  1898.  M.  Duner  was  not  disappointed  in  his  hopes  of 
seeing  more  and  better  with  the  larger  instrument ;  and  he 
chronicles  as  of  primary  importance  ■  the  fact  that  he  wn* 
able  to  detect  without  difficulty  bright  lines  in  various  spectra, 
which  at  Lund  were  either  invisible,  or  at  least  could  not  be 
discovered."  Frofeasor  Hale's  photographic  registration  of 
them  was  thus  visually  authenticated  by  an  observer  of 
unrivalled  experience,  and  was  further  verified  with  the  great 
Lick  telescope  by  Professors  Keeler  and  Campbell  under  con- 
ditions so  admirable  as  to  leave  little  or  no  room  far  surviving 
fatbtfc* 

It  may  then  be  regarded  as  an  established  fact  that  opectr** 
Of  the  fourth  tyj>e  include  elements  of  direct  emission.  They 
.-ire  subsidiary,  yet  distinct,  and  seem  to  be  unfailingly  present 
iu  all  members  of  the  class.  Three  characteristics  may  pro- 
visionally lie  ascribed  to  these  curious  bright  lines.  In  the 
b'rst  place,  they  are  of  entirely  unknown  origin.  Hydrogen 
and  helium  are  equally  (so  far  as  published  measure* 
enable  us  to  judge)  alien  to  their  production.  Some  of 
them  may  coincide  with  Wnlt'-Rayet  lines,  but  if  so,  it  is  with 

>  8%gi.  #/*Uri  rri*»vittri  MU  Suit*  Mm  Mem.  a.  IMP. 

1  3*r  lu  Auitrii)  Spectra,  tU  Ui  Trwutnc  CUum,  pp.  10.  83. 

1  Amr^tk.  /*mm.  rot.  ix.  |».  1)9.  *  Ibtd.  tol.  %..  p.  llu 
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Wolf-Rayet  lines  which  themselves  lie  outside  the  range  of 
terrestrial  acquaintanceship.  Not  even  the  exotic  light  of 
nebulium  or  coronium  can  be  seen  to  glimmer  in  carbon  stare. 
Secondly,  they  are  independent  of  luminous  change.  They  do 
not  betoken  variability.  They  occur  indifl'orently  in  objects  of 
steady  lustre  and  in  those  subject  to  wide  vicissitude*  Nor 
has  the  slightest  sign  of  inconstancy  been  detected  in  the  rays 
themselves.  They  do  not  fade  and  flash  capriciously  or 
periodically.  They  shine  equably — to  all  appearance — from 
year  to  year,  and  from  decade  to  decade.  Thirdly,  the 
locus  of  their  development  is  above  the  region  of  carbon 
absorption.  The  tinted  rays  evidently  overlie  the  dark  bands; 
they  are  seen  projected  upon  them.  The  substances  to  which 
they  are  due  must  then  be  found  at  a  higher  level  in  the 
stellar  atmospheres  than  the  carbon  vapour.  As  Professor 
Hale  remarks,1  the  case  i«  [uiralleled  in  the  nun,  wbm 
hydrogen  and  calcium  rise  to  great  heights,  while  a  shallow 
layer  of  carbon -gun  lies  low  at  the  base  of  the  chromosphere. 
This  arrangement  of  emissive  and  absorptive  strata  does  not 
prevail — as  we  shall  see  later — in  stars  of  ail  spectral  classes. 
They  are,  on  the  contrary,  markedly  distinguished  in  this 
respect,  and  the  distinction  implies  profound  physical  differ- 
ences. 

It  was  found  possible  at  the  Yerkee  Observatory  to  form  a 
sequence  of  eleven  stars,2  in  the  order  of  growing  depth  of  carbon 
absorption  (see  Plate  XII.).  The  transition  from  one  of  these 
objects  to  the  next  was  so  gradual  as  to  suggest  that  they  repre- 
sented actual  phases  of  development.  This,  however,  is  merely 
a  convenient  hypothesis.  One  of  the  earliest  of  the  series  is 
unique,  according  to  Duner,  in  the  relative  strength  of  its 
spectral  bands.  Those  due  to  carbon  are  quite  feeble,  while 
one  of  untraced  origin  in  the  red  is  broad  and  black.  This 
star,  known  as  280  Schjellerup,  is  scarcely  brighter  than  the 
eighth  magnitude,  so  that  it  can  be  dealt  with  to  advantage 
only  by  the  aid  of  powerful  instruments.  Passing  on  to 
19  Piseiutu,  we  find  one  of  the  three  carbon  bands  dim,  the 
others — in  the  green  and  blue  respectively — very  wide  and 
dark.       Their    unequal    prominence    constitutes    a    striking 

1    A§tro/>h.  J'rurn.  to!,  x.  {*.  112. 

1   Fir*  Annual  Ilepart,  ]>.  8. 
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axtoznalj.  It  recalls  the  variations  in  relative  brightness 
of  the  hydrogen  lines  recorded  with  surprise  in  nebula?  and 
sundry  species  of  stars. 

A  spectrum  intermediate  between  those  of  19  Pjscium 
and  of  1 5  2  Schjellerup  is  shown  by  the  variable  star  U  Hydrae 
(132  Sehjellenip.)  Duner  noticed  long  ago  the  wonderful 
chromatic  effect  of  its  four  brilliant  zones,1  set  off  by  deep  bayB 
of  absorption ;  and  Secchi  perceived  in  it  a  green,  as  well  as  a 
yellow  pair  of  tine  rays,  the  genuineness  of  which  is  more 
HMD  probable.  The  Btar  fluctuates  irregularly  from  4*5  to 
6*3  magnitude,  but  is  very  rarely  seen  at  its  maximum  bright- 
ness. Professor  Hale's  spectrographs  afforded  evidence  of  a 
partial  but  very  interesting  resemblance  between  its  spectrum 
and  that  of  >*  Geminorum,  u  fine  example  of  the  fluted  descrip- 
tion, ami  th ■■  agreement — as  can  be  aeon  by  inspecting  Plate 
XV. — extends  to  the  sun.  ■  Further  toward  the  red,"  he  tells 
um,'j  speaking  of  the  banded  varieties, "  the  spectra  become  very 
unlike,  though  eveu  here  there  are  certain  important  points 
of  resemblance  which  must  be  carefully  investigated."  Only 
their  linear  elements  arc  naturally  in  question  ;  the  shadowing 
bands  are  totally  unlike  in  the  two  classes.  The  coincidences 
detected,  however,  are  of  real  importance  as  forging  a  link,  even 
if  a  slight  one,  between  stellar  families  that  stood  previously 
entirely  apart. 

The  invisibility  (up  to  the  present)  of  hydrogen  m 
carbon  stars  is  not  easily  accounted  for.  The  substance 
must  enter  into  their  composition ;  its  diffusion  is  seem- 
ingly universal  and  profuse ;  why,  then,  is  its  manifesta- 
tion, whether  by  emission  or  by  absorption,  suppressed 
in  this  particular  class  of  objects  ?  The  same  query 
may  be  put  in  regard  to  comets,  and  tht;  same  obvious, 
although  perhaps  insufficient  answer  presents  itself,  namely, 
that  their  stock  of  hydrogen  has  been  consumed  in  the  fabrica- 
tion of  hydrocarbons.  It  is  worth  noting  besides  that  the 
only  metals  yet  identified  in  these  stars — sodium  and  iron — 
arc  precisely  those  perceived  to  glow  in  one  or  two  exceptional 
comets.     But  this  may  be  only  a  chance  concurrence. 

Tfii>  rule  OfoolOQI  tfl  carbon  stars  long  seemed  inviolable; 

I    .Vnr  Ut  fjuiiit.   p.  4b. 
2  Jttropk.  Sour*,  to),  n    ft  174 
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yet  there  are  exceptions  to  it.  Two  spectra  of  the  kind  well 
extended  in  the  blut«  were  photographed  »t  Harvard  College 
in  1891,  and  they  lielong,  in  fact,  to  white  stars.1  They  are 
situated,  one  in  Aquila,  the  other  about  three  degree*  north  of 
e  Ceti.  an<i  are  of  the  seventh  and  eighth  magnitudes  respec- 
tively. Their  investigation  ought  to  prove  |>couli*rly  in 
for  in  them  the  type  has  developed  under  most  unusual  con- 
ditions. It  is  beside*  more  completely  exhibited.  Sections 
of  thew  spectra  ran  be  registered  and  examined  which  in  either 
analogous  objects  are  concealed  by  dense  general  absorption. 
It  should,  for  instance,  be  possible  to  determine  whether  calcium 
lines  are  really  or  only  apparently  absent  from  fourth-type 
spectra. 

Carbon  star*,  there  is  little  doubt,  are  inordinately  distant 
from  the  earth.  None,  we  believe,  have  any  me-asum  bk 
proj--r  motion,  and  experiments  on  their  mi  mud  purdlnx*'* 
would  certainly  prove  a  waste  of  time  and  trouble.  We  have, 
then,  no  means  of  estimating  their  real  brilliancy,  but  it  must 
in  some  cases,  and  it  may  in  all  cases,  be  exceedingly  great. 
These  objects  show  a  market!  preference  for  the  Milky  Way.* 
They  occur,  however,  in  other  part,'*  of  ih<-  skv  .-■  w.-II.  IK.  \ 
are  condensed  towards  the  galactic  plane,  but  not  limited  to 
it.  They  are  unmistakably,  yet  far  from  exclusively,  swayed 
by  its  attraction 

1  They  are  catalogued  in  the  southern  /ones  of  the  Bonn  Durchmuitarong  u 
-10'5057aud  -10°513. 

''  Hale,  Attroph.  Jonrn.  toI.  Tiii.  p.  23P  ;  E*pin,  ibid,  vol  x.  \u  170. 


CHAPTER    VIII. 

STAltS    WITH    FLUTED    SrBCTRA    SHOWING    BRIGHT    LINKS. 

Although  the  display  of  bright  lines  in  fluted  spectra  is  a 
sure  sign  of  extensive  variability,  it  is  not  the  light-changes 
uf  the  stars  thus  characterised  that  here  concern  us.  The 
two  classes  of  phenomena  are  beyond  question  intimately 
related ;  but  as  a  matter  of  pure  convenience  they  have  to  be 
treated  of  apart 

Mira  Ceti  has  the  advantage  over  its  fellows  of  rising  to 
more  brilliant  maxima,  and  of  having  received  longer  attention 
and  more  careful  study.  Since,  however,  all  the  members  of 
Class  vL  are  not  copied  from  one  pattern,  investigations 
OOOdnottd  too  exclusively  can  only  lead  to  partial  knowledge; 
and,  indeed,  the  varieties  distinguishing  the  different  specimens 
are  precisely  their  most  instructive  feature.  Thus  they  agree 
in  showing  some  brightened  hydrogen  lines,  but  not  in  the 
selection  of  those  to  be  brightened.  Then  helium  rays  are 
vivid  in  certain  of  these  stars,  dark  in  others,  and  there  are 
further,  less  assured  diversities.  These  cannot  yet  be  explained 
by  any  single  consistent  theory,  but  they  may  be  definitely 
ascertained  and  brought  into  some  kind  of  orderly  relationship. 

The  spectrum  of  Mira  has  a  prescriptive  right  to  be 
considered  first  It  is  the  model,  deviations  from  which 
count  as  exceptional  The  kinds  are  profound,  the  radiations 
of  hydrogen  intense  during  fully  one-third  of  the  light-period 
of  eleven  months.  Detected  photographically  at  Harvard 
College  in  1886,  they  are  now  looked  for,  and  rarely  missed, 
iu  every  analogous  object  as  it  rises  from  quasi -extinction. 
The  hydrogen  stratum  in  Mira  seems  to  be  in  a  peculiar 
-i.iition.      It  emits  only  the  higher  members  of  the  Huggins 
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series,  the  red  and  the  green  lines  (C  and  F)  being  alike 
invisible  The  blue  and  the  indigo  lines,  on  the  other  hand, 
shine  with  extraordinary  brilliancy — a  brilliancy  "too  great 
to  be  shown  on  a  drawing  or  to  be  safely  expressed  by  a 
number  representing  relative  intensity"1  (aee  Plate  XII I. 
Fig.  1).  The  fifth  hydrogen  line,  by  a  rule  without  exception 
in  Mini  variables,  is  hidden ;  but  eight  of  its  associates  in  tht* 
ultra-violet  have  been  recorded.  Very  singular,  indeed,  is  tin- 
partial  presentation  in  this  star  of  a  closely -linked  sequence  of 
vibrations.  It  can  hardly  result  from  an  extraordinary  eleva- 
tion of  temperuture ;  we  can  letter  conceive  it  as  due  to  some 
subtle  form  of  electrical  action  not  yet  evoked  in  the  laboratory. 
The  state  of  things  as  regards  the  hydrogen  spectrum  in  the 
opposite  of  that  prevailing  in  the  reversing  stratum  of  the 
bun.  Here  the  upper  radiations  are  suppressed ;  in  Mira  the 
series  starts  from  its  third  tana. 

The  star  has  been  Fpectrographically  investigated  by 
Vogel,  Sidgmives,  and  Campbell.  The  Potsdam  plates  were 
exposed  during  the  low  maxiinuui  of  January- February 
1896/  when  the  variable  scarcely  exceeded  fourth  magnitude: 
and  this  is  a  circumstance  to  be  born"  in  mind,  since  there  is 
reason  to  suspect  that  emission  may  differ,  not  only  in  degree 
but  in  kind,  at  light  crises  of  different  intensities.  However  this 
be,  only  the  hydrogen  lines  were  perceptibly  vivified  in  1896. 
Of  the  dark  lines  measured  by  Dr.  Vogel,  many  coincided  with 
Fraunhofer  rulings,  but  a  goodly  proportion  seemed  unfamiliar. 

The  maximum  of  1897-98  was  studied  by  Father  Sid- 
greaves.8  It  was  an  improvement  upon  that  observed  by 
Vogel.  Mira  attained  3*2  magnitude  on  30th  November. 
The  Stony  hurst  plates  were  iaochromatic ;  their  range  of 
sensitiveness  extended  from  high  up  in  the  violet  to  near  D 
in  the  yellow,  and  they  continued  to  be  exposed  until  5th 
February,  when  the  variable  had  sunk  to  the  sixth  magnitude. 
But  the  light  remained  essentially  unchanged  in  quality, 
although  reduced  to  one- thirteenth  its  original  amount  Only 
the  continuous  spectrum  in  the  blue  had  faded,  relatively  as  well 
as  absolutely,  showing  that  the  star  grew  redder  in  its  decline. 

1  SidifTcavc*,  Monthly  Xotices,  vol.  Iviii.  p.  345. 
'  Sitzvngtfxritht',  Berlin,  2«th  March  18»«. 
*  Monthly  Xetius  vol.  Iviii.  p.  344. 
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Professor  Campbell's '  observations  at  the  maximum  of 
Ootober  1898  had  the  two-fold  advantage  of  being  made  with 
ik  magnificent  apparatus  and  at  an  exceptionally  bright  phase. 
In  more  ways  than  one  they  mark  a  beginning.  They  both 
suggest  relations  and  establish  facts.  The  plates  exposed 
with  the  Mills  spectrograph  attached  to  the  great  Liek 
refractor  show  only  the  region  near  the  third  hydrogen  line 
(H*y)  in  the  line  detail  needed  for  measures  of  precision. 
These  were  designed  primarily  for  the  determination  of  tl it- 
star's  radial  movement,  which  proved  to  be  one  of  recession  nt 
a  speed  of  62  kilometres  (3SJ  miles)  per  second  It  may  In 
regarded  as  constant.  No  part  of  it  seems  to  be  due  to 
orbital  motion  round  an  invisible  companion.  It  was.  how- 
ever, derived  exclusively  from  the  dark  lines  in  the  spectrum. 
The  bright  lines  told  a  different  tale.  Four  were  compared — 
a  hydrogen  pair  and  a  pair  ascribed  to  iron — and  all  showed 
a  much  smaller  displacement  red  ward  than  the  dark  lines. 
The  amount  of  the  discrepancy,  moreover,  proved  subject  to 
fluctuations;  but  to  fluctuations  obviously  depending  upon 
intrinsic,  not  upon  extrinsic  causes.  No  attempt  has  been  made 
to  explain  them  on  the  hypothesis  of  variable  motion.  It  may 
be  accepted,  on  the  evidence  of  lines  physically  in  a  normal 
state,  that  Mira — so  far  as  appears  yet — is  a  solitary  body  in 
course  of  withdrawal  from  the  earth  at  a  uniform  rate  of  38 
mil..-  .i  svnnd. 

Early  in  October  1898  the  star  reached  2*6  magnitude, 
and  during  the  few  weeks  of  its  greatest  brightness  the  blue 
and  indigo  hydrogen  bands  were  perceived  to  be  broken  up 
each  into  three  unequal  components.  This  remarkable  ap- 
pearance falls  into  line  with  symptoms  of  disturbance  in 
sU-llar  spectra  of  other  types,  but  had  not  previously  been 
observed  in  a  Mira  variable.  It  is  of  very  curious  interest. 
In  studying  the  *  intensity  curves  ■  of  the  tripled  line  (see 
Fig.  19)  the  conviction  becomes  almost  irresistible  that  here 
a  "  Zeeruan  effect  '*  is  in  question.  The  polarisation  test 
might  decide.  If  the  lines  are  distended  and  shattered  by 
powerful  magnetic  action,  then  the  lateral  components  and 
the  central  component  must  be  polarised  in  planes  at  right 
angles  to  one  another,  and  the  rotating  of  a  Nicol's  prism  in 

1  AtiropU.  Jour%.  vol  a.  \\.  SI  :  0**rmiiny.  <*>>-  "'»-  P-  1M. 
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tli*  Inlil  should  ppnlucc  alternating  extinction.  Professor 
Campbell  was  prepared  tt>  make  the  experiment  at  the 
maximum  of  1H1MJ,  but  the  star  unfortunately  failed  to 
replenish  its  .hit'  mwisim'  of  light,  ami  gave  an  imperfectly 
legible  spectrum.  Favourable  opportunities,  however,  for 
applying  thi.i  simple  criterion  must  frequently  recur,  and  tin g 
arc  well  worth  watching  and  waiting  for.  Positive  results  of 
the  kind  nidi i.ilvil  would  be  of  revolutionary  importation ; 
obscure  phenomena  would  !«•  illuminated,  unonudio-  vv-»uld 
In   removed  ;    a    boundless  region   would   be   thrown    open   In 


♦  340.  .1* 


Flo.  W.-InKMity-Carvti  of  Uy  in  Sptctnun  of  Mlra  (Campbell). 


investigation.  The  issue,  it  is  scarcely  too  much  to  say,  is  vital 
to  the  progress  of  astrophysics. 

The  production  of  multiple  hydrogen  -  lines  in  the 
spectrum  of  Mini  may  quite  possibly  be  restricted  to  brilliant 
phases.  Metallic  emission  almost  certainly  is.  Thus  the 
iron  rays  (XX  4:576,  4308)  registered  as  bright  in  1898  were, 
the  one  strongly  dark,  the  other  either  dark  or  invisible  in 
1890  and  1897.  This  gives  a  hint  of  the  diversities  to  be 
looked  for  in  the  future,  and  lends  enhanced  interest  to 
luinutiie  of  observation  which  in  themselves  might  seem  trivial. 

The  spectrum  of  Mini  includes  a  good  many  dark  Lues 
closely  adjacent  to,  if  not  actually  coincident  with,  rays  of 
helium.      None  have  been  seen  bright     Calcium  absorption  is 

15 
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very  promineiit.  The  line  in  the  blue,  which  develops  with 
increase  of  pressure, comes  out  as  a  black  grooving;  the  giant 
pair  in  the  violet  are  of  surprising  intensity.  The  lees 
refrangible,  jus  in  all  such  stars,  smothers  the  hydrogen 
emission  of  nearly  its  own  wave-length  ;  and  this  circumstance 
demonstrates  some  unexpected  relations.  The  calcium-layer, 
plainly  under  considerable  pressure,  must  be  located,  as  in  the 
sun,  quite  close  to  the  photosphere.  But  the  glowing 
hydrogen  necessarily  lies  lower  still,  stoppage  of  light  imply- 
ing 8uperincumbencc  of  the  arresting  vapour,  and  there  seems 
no  room  for  it  except  in  the  very  interstices  of  the  photo- 
sphere itself.  The  overlaying  of  a  light  by  a  heavy  substance 
is  indeed  anomalous,  yet  no  other  arrangement  is  consistent 
with  the  spectral  phenomena  of  Mira  and  its  congeners. 
Besides  calcium,  iron,  magnesium,  strontium,  titanium,  man- 
ganese, and  chromium  are  easily  recognised  as  absorptive 
constituents  of  its  atmosphere, 

Tlie  mode  of  hydrogen-radiation  characterising  Mira  does 
not  recur  in  all  stars  of  its  type.  Some  show  the  two  lowest 
lines  conspicuously  bright,  and  they  are  often  accompanied  by 
the  glimmering  of  the  yellow  helium  ray.  R  Aquilie  is  an 
example.1  Other  members  of  the  class  have  ¥  for  their  chief 
blight  line,  C  being  invisible,  as  in  R  Andromeda  and  S 
Cassiopeium,  or  dim  as  in  V  Bootis.  Hydrogen  in  these  stars 
appears  to  exist  in  its  nebular  condition.'  Analogous  to  them 
in  some  respects,  R  Cygni  may  in  others  be  divergent.  Its 
chief  bright  lines  are  F  and  D ; s  but  the  nature  of  the  accom- 
panying banded  absorption  appears  somewhat  indeterminate.* 
It  might  be  definitely  ascertained  by  a  few  well-timed  obeerva- 
tiona  An  important  spectrograph ic  investigation  of  % 
Cygni  was  carried  out  by  M.  Eberhard  at  Potsdam  in  1901/ 
It  disclosed  phenomena  closely  analogous  to  those  detected  by 
Campbell  in  Mira.  Thus  the  maximum  of  lustre  was  attained, 
in  the  hydrogen  series,  by  its  fourth  member  (H$) ;  iron  lines, 
both  bright  and  dark,  were  abundantly  visible;  above  all,  the 
absorption  and  emission-spectra  were   relatively  displaced,  inst 

'    Knapr,  Aitrciph.  Jourti.  toI.  ii.  pp.  151,  158. 

*  Koolor,  Lick  Publ.  roL  iii  p.  S«6. 
'  Eipin,  Jdr.  XmcA.  No.  M 

*  Ums4«  ImIUtkI  it  to  be  of  fourth  typo,  1st  Oct.  1888.     Monthly  .Vtrfuo. 

roL  rHx.  p.  303.  :  dttn  M  bT«  3705. 
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.*»  in  Mini  in  1893.  The  bright  lines,  that  is  to  en)*,  were 
pushed  towards  the  blue,  while  the  .lurk  line*  deviated  iu  an 
opposite  sense,  though  very  slightly,  from  their  normal  places. 
This  surprising  feature  may  then  prove  common  to  the  whole 
of  this  class  of  stars,  and  doubtless  depends  upon  some 
essential  peculiarity  of  their  constitution. 

About  two  hundred  variable  stars  with  tinted  spectra  are 
known  to  omit  bright  lines,  and  this  kind  of  spectrum  is  a 
distinctive  liadge  of  variability.  Mix  Fleming's  classification 
of  them1  is  baaed  mainly  upon  differences  of  hydrogen-emission. 
Pflf  the  typical  star  of  the  first  of  her  eleven  groups  she  chose 
B  Lyncia,  in  which  }\0  and  H7  are  brilliant,  while  HS — 
sometimes  the  brightest  line  in  Mini — is  scarcely  visible. 
She  then  traced  a  continuous  sequence  of  change  to  R  Ltosll 
the  exemplar  of  her  last  group,  in  which  Hy3  is  imperceptible, 
II7  excessively  faint,  HS  conspicuous.  But  this  order  of 
relative  lustre  ia  not  in  l<  I*ouia  permanently  maintained. 
The  cffacenient  of  the  green  ray  is  only  transient.  In  April 
1895  Dr.  Kriiger,  observing  with  the  eleven-inch  Bamberg 
infractor,  foinid  it  to  dominate  the  spectrum ;  and  MM 
Gruss  and  Laaka  mw  in  the  same  star,  6th  May  1894. 
Ha  doubtfully,  H£  and  l)s  unmistakably,  although  two 
nights  later  Ha  shone  alone,  while  on  28th  May  H/3  was 
similarly  isolated.  Such  changes,  inexplicable  as  they  are, 
canuot  be  set  aside  as  incredible.  Their  further  investigation 
is  most  desirable.  Meanwhile,  the  relative  brilliancy  of  the 
hydrogen  lines  in  variables  evidently  supplies  a  highly  in- 
secure basis  for  their  arrangement. 

Mira  is  the  ouly  member  of  its  family  which  has  been  at 
all  adequately  studied.  A  good  beginning  has  been  made  with 
^  Cygni ;  but  about  most  of  the  remaining  couple  of  hundred, 
particulars  are  wholly  lacking.  The  great  majority,  having 
been  registered  in  sweeping  spectrographic  surveys,  were 
pigeon-holed  for  future  reference,  after  brief  inquiry  into 
the  history  of  their  recorded  light-changes;  and  in  their 
pigeon-holes  they  have  been  mostly  allowed  to  rest.  Enough 
is  known,  however,  to  whet  curiosity  as  to  what  remains 
unknown.  Spectral  changes  of  a  remarkable  kind  affect  these 
stars :   their   thorough    verification    and    the    unruvelment  of 

1  Aatroph.  Juurn.  toL  viii.  p.  2*8. 
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their  tangled  relationships  are  essential  to  progress.  The 
work  may  bfl  difficult,  but  it  is  of  profound  iuterest.  The 
rim  illation  of  the  hydrogen-Bpectrum  in  one  variable  star 
may  indeed  open  the  door  to  unexpected  and  far-reaching 
discoveries. 

The  helium-spectrum  is  equally  significant,  but  more 
evasive.  The  emergence  of  the  yellow  ray  seems  to  accom- 
pany the  brightening  of  the  two  lower  hydrogen  rays;  but  its 
.shining  may  be  comparatively  transient  The  important 
point,  however,  is  that  it  does  not  seem  to  occur  at  all  in 
stars  showing,  like  Mira,  a  mutilated  hydrogen  series.  Then 
there  is  the  further  question  whether  I)3,  when  it  does  shine 
out,  shines  alone.  Are  all  its  numerous  associates  invisible, 
or  UB  they  dark,  as  some  of  them  appear  to  be  in  Mira  i 
Finally,  we  know  very  little  ae  yet  about  the  lighting-up  of 
metallic  rays  in  such  spectra.  It  is  nevertheless  certain  that 
some  regulating  principle  governs  the  selection  of  those 
brightened ;  and  only  by  detailed  study  can  the  nature  of 
that  principle  be  ascertained.  All  this,  and  much  more, 
needs  prolonged  and  extended  inquiry ;  but  in  a  field  that 
will  yield  ample  return  for  the  expended  lalxmr. 


CHAPTER  IX. 

fTKMVM    BTARH    WITH    BRIfiHT    LINKS. 

TSROScn  stars,  and  u  few  stars  variable  in  short  periods, 
belong,  properly  speaking,  t<»  lliis  class;  tMt  for  the  sake  ol 
clearness  and  convenience,  t!i«-y  an:  reserved  Tor  separate 
treatment  The  question  of  light-change  will  demand  later 
on  our  undivided  at.toiit.ion  ;  it  bristli*  with  (fifflnftlNh  which 
wo  are  not  at  present  pre]»red  to  encounter. 

Ah-yonr,  tin:  chief  T*lruad,  long  | trussed  Tor  an  onlinary 
Orion  Btar.  Dark  lines  of  hydrogen  and  helium  were  promi- 
nent in  iUs  Ajicctrum  ;  then-  nccnnxl  no  reason  to  Kuspwt 
the  Rlightest  deviation  from  normality.  Nevertheless,  Camp- 
bell perceived  in  1893  '  the  red  radiance  of  C  set  off  by  a 
narrow  dark  line  on  its  more  refrangible  side ;  and  this  state 
of  incipient  emission  appears  to  be  permanent.3  Alcyone 
might  then  be  counted  a  linking  instance  between  Classes  L 
and  vii.  The  discovery  was  startling  that  a  single  substance 
could  show  certain  of  its  rays  bright,  the  remainder  dark,  in 
one  and  the  same  star.  But  the  fact,  although  highly  perplex- 
ing,* rma  l>ecome  so  common  to  experience  as  to  have  ceased  to 
\#  surprising.  Examples  of  its  occurrence  have  been  registered 
l»y  the  score  as  regards  both  hydrogen  and  helium.  They  are 
ill  found  in  Classes  vii.  and  viiL  (bright-line  helium  and  Wolf- 
Rayct  stars);  Mira- variables  seem  never  to  have  their  hydrogen 
spectrum  thus  conditioned.     Professor  Campbell 4  noticed  it  as 

1  .latrvph.  Jonrn.  vol.  ii.  p.  178.  *  Runge,  Attr.  Nack.  No.  3471. 

*  l'rnfes*or  Front's  conjecture  that  lueh  star*  may  ]->**«■*  atmosphere*  pre- 
ferem  tally  el«nrli«-ut  of  the  shorter  radiation?*  ilid  not  seem  to  himself  plausible 
•'uongh  (or  jiuhlimtioTi.  Attroph.  Journ.  vol.  ii.  p.  1*2.  A  similar  explanation, 
huw.ver.  has  lately  Iwen  recommended  by  Dr.  Kayaer.      Ibid.  vol.  xiv.  p.  313. 

*  .irtrxfih.  Jonrn.  vol.  ii.  \>.  1*1. 
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an  invariable  rule  that  the  bright  lines  in  Orion  stare  ■  are  those 
of  greater  wave-length,"  while  "  the  dark  lines  are  those  of 
shorter  wave-length."1  This  applies  also  to  helium,  but  m  ■ 
qualified  sense.  If  all  the  lines  in  its  spectrum  are  taken 
indiscriminately,  the  bright  and  the  dark  appear  to  succeed 
each  other  without  method ;  but  their  consideration  by  aeries 
makes  it  at  once  evident  that,  within  the  limits  of  each  set 
of  vibrations,  the  bright  members  are  invariably  fundamental. 
This  is  important,  not  only  for  the  better  ordering  of  stellar 
phenomena,  but  as  regards  the  theory  of  spectral  series  iu 
general. 

In  Alcyone,  then,  emission  is  at  a  minimum  ;  it  could 
scarcely  diminish  and  remain  existent  And  it  is  quite 
possible  that  it  may  be  on  the  wane  ;  after  the  lapse  of  some 
hundreds,  or  thousands  of  years,  the  chief  Atlantid  will 
perhaps  have  lost  the  distinctive  note  of  its  spectrum,  and 
will  have  sunk  to  the  level  of  unrelieved  absorption.  Our  q| 
its  companions  at  present  stands  out  from  the  crowd  in  the 
same  way,  but  more  decidedly.  Pleione  shows  three  hydrogen 
lines  pretty  strongly  bright,  and  they  are  inevitably  0,  V, 
and  Hy.  Centrally  superposed  upon  wide  dark  bands,-  they 
assert  by  this  fact  alone  the  non-correspondence  in  position 
of  their  originating  stratum  with  the  glowing  hydrogen  in 
stars  like  Mira.  Ami  this  teaches  us  the  important  lesson 
that  there  is  no  stereotyped  recipe  for  the  production  of  stellar 
bright  lines,  but  that  they  may  originate  diversely  in  the 
various  spectral  classes. 

The  Pleiades  are  nebulous  collectively,  aud  in  many  cases 
individually  as  well ;  hut  they  are  less  closely  folded  in  nebulai 
*wnddling-bands  than  the  group  of  stare  forming  the  nutk-u- 
of  the  great  Orion  nebula.  It  consists  of  four  leaders,  of 
about  the  fourth,  fifth,  sixth,  and  seventh  magnitudes  re- 
*[xviively.  two  of  which  liav  t'iiini  roni[wiiiii)ns;  and,  scat!.  !■ 
promiscuously,  there  are  to  be  found  besides  four  minute 
stellar  points,  detected  at  Lick  by  Professor  Barnard  and  Mr. 
Alvan  U.  Clark.  For  spectroscopic  purposes  the  "  trapezium," 
or  quartette  of  bright  stars,  may  be  treated  as  one,  since  they 

'  Evidently  •ualupnui  i*  Milr  a  rveull  that  tlic  UbM  ftf*l  rnr»me«l  In  mvUltio 
*[*etr«  uv  tht  most  rtfranjribl*.     AMroptt.  Jour*,  vol.  it.  |<. 
*    V  C    Vlanrr.   fft     Ml     .  InmJ*,  vol.  xxviil.  j».   101. 


HELIUM  STARS  WITH    BRIGHT   LINKS        231 

shine  with  sensibly  the  same  quality  of  light,  while  theii 
scarcely  visible  associates  give  radiations  negligible  in  amount. 
Most  difficult  questions  arise  in  iittenipting  to  decide  upon  the 
true  nature  of  the  trapezium-spectrum.  The  prevalent  view 
at  first  was  that  the  stars  were  ol*  the  ordinary  dark-linr 
helium  typo,  bright  lines  coming  in  here  and  there  simply  ax 
projections  from  the  enormous  volume  of  gaseous  stufF  inter- 
posed between  the  eye  and  the  stellar  nucleus  of  the  forma* 
tion.  But  the  opinion  was  grounded  on  superficial  evidence, 
an  J  has  not  held  its  ground.  Some  lines,  bright  in  th* 
nebula,  rtfust  to  cross  the  thin  strip  of  continuous  light  due 
to  the  star;  they  stop  short  on  one  side  of  it,  and  reform  on 
th*  other,1  the  two  sections  being  divided  by  a  uarrow  gap 
of  absorption.  This  proves  that  the  nebular  rays  do  not  in 
ail  cases  show  bright  against  th<-  background  of  continuous 
Htilln  light  Tin  wry  strongest  may  do  so;  but  it  is  just 
possible  that  in  them  the  appearance  is  illusory,  and  due  to  a 
kind  of  irradiation. 

There  can.  on  the  other  hand,  be  no  reasonable  doubt  that 
the  trapezium-stars  have  bright  lint*  of  their  own.  Rut  dug 
are  peculiar,  and  peculiarly  conditioned.  A  spectrograph 
taken  by  Sir  William  and  Lady  Huggins,  oth  February  Ibboy 
proved  to  be  crossed  in  the  ultra-violet  by  at  least  four 
groups  of  fine,  faint,  bright  lines,  derived  primarily  from  two 
stars  of  the  trapezium,  but  extending,  through  their  influence, 
as  it  were,  some  little  way  into  the  adjacent  nebula.  Their 
origin  is  problematical ;  they  have  not  been  recorded  else- 
where ; 5  they  have  been  only  partially  verified  on  later  Tulse 
Hill  plates.  Yet  the  original  negative  survives,  and  its 
examination  has  convinced  several  experts  of  the  reality  of 
the  curious  script  read  from  it.  Conviction,  however,  on  such  a 
point  is  apt  to  share  the  dim  character  of  gloaming  phenomena 
— phenomena  on  the  border  between  the  seen  and  the  not  seen. 

Rut  there   is  more.      With   refined  apparatus  the  same 
observers  succeeded,  in  1894  and  subsequently,4  in  separately 

1  K^ol.r.  Attr.  ami  .titrophyvici,  toL  xiii.  p.  486.     The  folium  line.  X  4472, 
i>  specially  describe!.     It  in  bright  in  the  Orion  nebuli,  dark  in  all  Orion  start. 

-   /'rue.  Ibfita!  Society,  vol.  xlvi.  p.  41- 
Campbell,  Astr.  and  ArtrojA.  vol.  xiii.  il  397. 

4  Cm*}*'*  Rf.ulu*,  11th  Oct.  1897  :  Attroph,  Journ.  rol.  vi.  p.  82*2;  AUaa  of 
Sprrtra,  \>.  IS*. 
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photographing    three   of   these   remarkable   spectra,  am 

now  perceived  to  be  rich  throughout  in  bright  and  dark 
lines,  "  with  the  special  character  strongly  marked  of  bright 
bands  associated  with  corresponding  dark  absorption  lines." 
Moat  singular  of  all,  the  relative  positions  of  these  bright  and 
dark  lines  were  found  subject  to  change.  Hydrogen  nuliaticns, 
I'm  instance,  which  in  1894  lay  on  the  blue  aides  of  the 
absorption  stripes,  lay  in  1897  on  their  redward  margins. 
This  might  be  explained  on  the  hypothesis  of  orbital  move- 
ment by  supposing  each  star  of  the  trapezium  composed  of 
a  dark-line  and  a  bright-line  metnlier,  the  spectra  of  which 
are  periodically  shifted  through  the  alternations  of  their 
nkdtioi  in  the  line  of  sight.  It  remains  to  be  seen,  however, 
whether  or  not  the  eh  if  tings  are  periodical ;  for  by  this  one 
condition  the  explanation  stands  or  falls. 

So  far  as  their  absorption-elements  are  concerned,  the 
stars  of  the  trapezium  belong  to  the  earliest  variety  of  the 
Orion  type.  All  the  lines  are  wide  and  diffuse,  and  the 
strongest  are  members  of  the  Pickering  series  of  hydrogen. 
Kydberg's  series — if  we  may  call  it  so  under  reserve — is 
represented  by  the  prominent  reversal  of  its  solitary  ray  at 
X  4689.  Mr.  McClean  recognised  oxygen  absorption  in  these 
stars;  Sir  William  and  Lady  Huggius  identified  nitrogen, 
silicium,  and  titanium,  and  the  calcium  E  shows  both  bright 
and  dork.  Few  sidereal  objects  combine  so  many  points  of 
interest  as  the  multiple  star  at  the  heart  of  the  great  nebula. 
The  origin  und  meaning  of  the  throngs  of  delicate  rays, 
here  just  tantalising  vision,  pressingly  invite  research  ,  nor 
less  the  manner  of  relative  displacement  exhibited  by  the 
hright  and  dark  coupled  lines.  Do  they  betray  a  circulatory 
period  i  And  if  bo,  is  it  the  same  for  each  member  of 
the  group  ?  Or  do  they  rather  form  independent  systems,  in 
subordination  to  a  higher  scheme,  completing  itself  in  the 
long  leisure  of  many  millenniums?  Other  problems  suggest 
i!i-  mselves  in  immediate  connection  with  these  stars;  nor  is  it 
impossible  that  they  may  be  proposed  over  again,  perhaps  in 
I  modified  form,  by  the  multiple  stellar  nucleus  of  the  Trifitl 
Nebula  in  Sagittarius.  But  instruments  of  no  insignificant 
light-power  will  be  needed  for  the  satisfactory  examination  of 
its  spectrum. 
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In  one  other  star  Wide*  i)  Ononis,  the  shifting  of  bright 
'  Mir'vn  lines  <ri_ui.-  iiTt-s[xt  tivi-ly,  '<>  ill  myiBIIIW.  Ill 
binary  revolutioa  Spectroscopic  duplicity  woe  at  first 
naturally  attributed  to  II  Monocerotis  when  it*  |»eeu!iar 
character  disclosed  itself  on  the  Harvard  plates.  Thus  in  !  lit- 
year*  1888-90  the  dark  F  of  hydrogen  had  an  illuminated 
>*>rder  lying  redward  ;  it  wan  on  the  bluo  aide  in  1891-92.' 
Wcare  not  informed  whether  it  lias  since  changed  ita  poaitn-M 
l<ut  any  attempt  in  im)io.-r  n  period  upon  alterations  so 
spasmodical  would  evidently  be  hopeless.  Like  $  Ononis, 
II  Monoeerotia  (  =  £  919)  is  compound.  It  consists  ol 
three  stars  of  about  fifth  and  sixth  magnitudes,  which  have 
maintained  a  strict  relative  immobility  since  Hersehel  divuli  • 
them  in  1781.  Their  spectra,  photographed  as  one  by 
1'ickering,  were  separately  examined  by  Campbell  in  1894.* 
Hi  tiuiml  two  of  them  bo  include  the  brilliant  Bsd  ray  of 
hydrogen,  while  it  was  absent  from  the  third.  IVosuinably , 
'.]>  two  <>f  the  trio  arc  bright-line  *tnrn,  and  it  may 
be  that  in  these  two,  significant  difference*  IB  bhfl  mode  of 
••mission  will  be  brought  to  light  by  detailed  and  syst*niati( 
investigation. 

The  swing  of  the  bright  lines  observed  in  6  Orionis 
and  11  Monocerotis  is  extremely  uncommon.  In  general, 
a  fixed  arrangement  prevails,  and  it  is  of  two  alternative 
varieties.  Either  the  bright  lines  centrally  divide  broader 
dark  bands,  as  in  7  Cassiopeia?,  or  the  bright  and  dark  lines 
are  bracketed  in  pairs,  the  bright  below,  the  dark  above,  as  in 
I*  Cygni. 

Father  Seechi's  notice  of  7  Cassiopeia?  as  a  gaseous  star 
goes  back  to  1866.  He  noticed  the  vividness  in  its  spectrum 
of  C,  F,  and  II,,  but  the  helium  line  has  not  since  held  ita 
own  with  the  others.  It  is  subject  to  prolonged  extinctions ; 
nor  is  it  certain  that  even  the  hydrogen  rays  always  keep  up 
the  same  standard  of  brightness.  The  variability  of  the 
spectrum  will,  however,  be  discussed  later  in  connection  with 
other  similar  instances ;  here  we  have  to  do  with  its  funda- 
mental characteristics.  The  hydrogen  lines  in  7  Cassiopeia? 
are  doubly  reversed.3      Wide   absorption   bands  are  divided   by 

1    A.   ('.  Maury,  Harvard  Annals,  toL  xivui.  |».  104. 
-  Attrnpk.  J»um.  vol.  ii.  p.  ISO.  *  A.  L\  XUury,  toe.  cii.  p|>.  49,  100. 
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narrower  emission  bands,  and  these  again  by  hair-lines  of  dark- 
ness. Their  structure  is  analogous  to  that  of  H  and  K  in  Ibfl 
solnr  spectrum.  The  radiations  fall  off  in  intensity — as  Camp- 
bell's rule  prescribes — with  diminishing  wave-length,  while  the 
absorptions  gain  in  the  same  proportion.  F  is  "superlatively 
bright  "i1  He  is  neutral;  no  bright  lines  have  been  photograph <-d 
in  the  ultra-violet.  The  helium  lines  are  dark,  with  occasional 
exceptions ;  but  the  groen  and  blue  magnesium  lines  shine  by 
direct  emission,  and  Father  Sidgreaves  recognises  as  a  probable 
vanadium  line  a  strong  dark -blue  ray  (X  4586),  which  seems 
to  tluctuate  in  brightness.  Another  remarkable  circumstance 
i'  Ittiii.u  t«>  this  st.ir  is  tin-  i. 'in!  rtliiccmaBt  lr>m  itfl  h]K'ctiuiii 
of  the  signs  of  sodium  absorption  formerly  visible  in  it. 
They  have,  at  any  rate,  escaped  notice  since  Von  Konkoly's 
record  of  15th  September  1884.:  But  the  immense  vogue 
and  value  of  spectrography  have  tended  to  reduce  to  a 
minimum  the  attention  bestowed  upon  the  lower  spectral 
sections,  and  thus  unduly  to  incline  the  balance  of  observa- 
tion. The  study  of  y  Cassiopeia1  might  alone  furnish  a  not 
inadequate  task  for  a  well-equipped  observer.  Only  individual 
enthusiasm  is  likely  to  deal  successfully  with  the  battling 
problems  it  presents.  Spectral  variability  is,  in  its  case. 
accentuated  by  perfect  photometric  constancy.  The  star  is 
steadily  of  23  magnitude.  It  is  purely  white  in  colour,  liea 
immersed  in  the  Milky  Way,  and  has  no  measurable  parallax. 
Its  real  size  and  splendour  are  then  inestimably  great. 

The  spectrum  of  P  Cygni  is  not  known  to  vary,  although 
the  star  itself  was  reckoned  a  "Nova"  on  its  discover)'  by 
JanBon  in  1600.  and  by  its  capricious  emergences  earned 
from  Huygens,  half  a  century  later,  the  title  of  the  "reveiwntf 
of  the  Swan."  *  Finally,  it  settled  down  to  fifth-magnitude 
brightness,  which  it  seems  disposed  indefinitely  to  retail. 
Its  spectrum  shows  an  approximately  complete  set  of  bright 
and  dark  hydrogen  and  helium  rays;  but  in  their  arrange- 
BflBt    into  couples  jv  M  replaces  suptrpotitwn — that 

is  to  say,  the  bright  lines  are  in  their  normal  places,4  while 

<  'IfCmvM.  M-tntMy  Svtict*,  wl.  In.   f,  ot>t. 
1  0  Oyolia  /fauft.  Ii.1.  >ii.  f.  14.      F«r  Kccler'e  failure  to  jwrcelvt  I>-ahw>r 

Hit  Jtui/k  Son*,,  toI.  i.  p.  SO.  '  Syfm  <«U  SUr>,  p.  T*. 

*  IVIopoUkj.  A«r   AM    la  M0» ;  Attrvpk.  Jour*,  rol.  x.  p.  »1» 
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the  corresponding  dark  ones  are  shifted  upward,  as  if  by  rapid 
motion,  towards  the  eye.  But  there  can  he  no  real  ijin 
of  motion,  since  the  relation  persists  without  change  year  after 
year.  Nor  can  it  be  explained  on  the  pressure-principle  ot 
altered  refrungibility.  The  action,  if  exerted  at  all,  would  h*- 
of  the  opposite  kind  to  that  observed.  The  displacement**  in 
the  spectrum  of  P  Cygni  are  towards  the  blue;  if  due  to 
pressure,  they  should  be  towards  the  red.  The  phenomenon 
of  the  relative  displacement  of  bright  and  dark  linos  in  the 
same  spectrum  is  one  of  the  most  interesting  in  stellar  physics, 
and  has  received,  up  to  the  present,  no  adequate  explanation. 

The  abaorptiou  lines  in  P  Cygni  are  much  sharper  and 
narrower  than  iu  7  Cassiopeue.  Those  of  calcium,  magueauni, 
and  sodium  arc  at  once  apparent,  and  BolopoUky  ascribes 
many  of  the  remainder  to  nitrogen. 

The  spectrum  of  the  great  ftoutheru  variable,  ij  Carina?, 
resembles  that  of  P  Cygni  by  its  inclusion  of  many  bright 
lines  shadowed  by  dark  ones  on  their  blue  sides.  It  has 
ljee.11  photographically  studied  by  Sir  David  (3 ill.  Mr.  McCleau. 
and  Miss  A.  J.  Cannon.1 

Am<m-  stars  nearly  related  to  y  (,'aaeiopeiai*  may  be 
mentioned  tf>  Persei  (4*2  magnitude;,  v  Cygni  (4*4  magni- 
tude), a  Columba?  (27  magnitude),  8  and  p  Centauri  (2*8  and 
3-4  magnitude).  Bright  F  was  detected  by  Mr.  Espin 2  in  the 
spectrum  of  the  star  in  Perseus,  and  was  found  by  Campbell ' 
to  be  accompanied  by  a  much  brighter  C.  The  total  absence 
of  K  is  surprising,  but  may  not  be  permanent  if  the  spectral 
variability  suspected  at  Potsdam4  be  substantiated.  In  v 
Cygni  there  appear  to  be  double  reversals  of  helium  as  well 
as  of  hydrogen.6  Of  a  Columba;  it  is  only  known  that  F  is 
a  broad  dark  line  bisected  by  a  narrow  bright  one.  The 
spectra  of  the  two  stars  iu  Centaur  are  thought  to  be  almost 
identical."  Hydrogen  emissions  in  them  are  strong  and 
numerous,  but  none  others  have  been  recognised.  The 
helium  lines  are  all  dark  ;  metallic  lines  are  inconspicuous. 

Bright  hydrogen  and  helium  lines  seem  like  relics  of  past 

1   Harvard  Annah,  vol.  xxviiL  p.  175.  J   Attr.  Nark.  No.  2963. 

3  A*tr.  mid  Attrajth.  vol.  xiii.  p.  158. 

*  Frott    Atlroph,  Journ.  vol.  x.  p.  365.  ■  A.  C  Maury,  loe.  riL  p.  104. 

■  M.-Clcan,  Pnc.  Rtn/al  Society,  vol.  lxii.  p.  419. 
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conflagrations.  In  a  few  cases  we  know  them  to  be  such,  and 
it  is  possible  that  in  all  they  have  the  same  implications. 
For  any  of  these  stars  may  have  undergone  prehistoric  vicis- 
situdes of  lustre,  after  which  they  would  have  settled  down 
into  stability ;  although  the  recurrence  of  such  incidents  in 
the  future  can  alone  afford  secure  grounds  for  inferring  that 
they  diversified  stellar  biographies  in  earlier  times.  Bright- 
line  helium  stars  are  for  the  most  part  situated  in  the  Milky 
Way.  They  are  subject  to  the  influences  exercised  by  that 
strange  aggregation. 


CHAPTER    X. 

WOLK-KJLYKT    HTAIt*. 

A  very  remarkable  star  waa  described  by  Professor  Pickering 
in  181)6.'  Through  the  measurement  of  its  absorption  lines 
a  companion  hydrogen  series  to  that  already  known  wan  fa 
the  first  time,  recognised ;  whiln  both  the  Wolf-Ruyet  tunds 
in   the  azure  showed    in    it  by   direct  emission.     Only    the 

preaence  of  a  dark  K  obligee  ua  to  separate  f  i'uppis  U 

Wolf-ICuyH  stars  proper,  ami  to  consider  it  **  a  linking  in 
atance  lietween  theni  and  helium  stars  of  the  earliest  TO 
Just  this  trace  of  calcium-absorption  differentiates  the  hybrid 
spectrum  of  the  star  in  the  Poop  from  sj>ectra  of  (.lass  viii., 
which  include  no  legible  metallic  impressions.  Their  absence 
is  of  especial  importance  as  extending  to  nebula?.  Nebular 
chemistry  is  entirely  non-metallic. 

The  Pickering  series  in  Wolf-Rayet  stars  is  not  infre- 
quently bright  in  its  lower  members,  submerged  by  absorption 
higher  up.  The  bands  in  the  blue,  on  the  other  hand,  are 
always  bright.  They  form  a  multiple  group,  the  mutual 
relations  of  which  await  more  complete  disentanglement  The 
lowest  member  is,  or  may  be,  the  "  fundamental "  of  Rydberg*s 
hydrogen  series  at  X  469.  Yet  the  circumstance  that  it  is 
not  really  solitary  tends  to  discountenance  this  identification.1 
The  "  lazulite  "  ray  at  X  465  is  never  entirely  effaced,  and 
Campbell  has  provided  it  with  several  associates  of  still  shorter 
wave-lengths.3  Some  of  these  fall  suspiciously  near  nitrogen 
lines.     The   possibility  is  not  then  excluded   that  all   these 

1  Adri'i'h.    Junr.i,   vol.    iv.    p.    369.      For  a   lint  of  analogous  objects  bm 
OUfrwitur;/,  vol.  wii.  p.  54.  ■  Observatory,  rol.  ixii.  p.  b'l, 

a  A*tr.uiul  A'frvfi/'.  v«l.  Kill,  p.  467. 
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enigmatical  blue  effluences  may  be  the  joint  products  of  glow- 
ing hydrogen  and  nitrogen,  although  this  view,  like  every 
other  that  can  be  proposed,  is  beset  by  serious  difficulties. 
Xiiir.ng  the  less  refrangible  of  the  Wolf-Rnyet  bright  lines 
there  are  two  (at  about  X  509  and  559)  which  appear  to 
coincide  with  rays  photographed  by  Professor  Hale  in 
carbon  stars.  Neither  has  been  chemically  interpreted.  One 
of  them,  the  greenish  or  "citron"  line  (X  569), seems  in  some 
way  correlated  with  the  blue  band  at  X  465.  A  more  definite 
mnnectimi  can  !«■  traced  U-t.weeii  the  lattei  and  the  ysQcffl 
line  at  X  581.  They  are  emphasised  in  the  same  stars,  while 
the  brilliancy  of  the  Rydberg  beam  at  X  461)  is  accom- 
panied by  a  special  vivifying  of  the  green  Pickering  line  at 
V  541.  This  rule  is  q uasi- universal ;  it  may  stand,  at  least 
temporarily,  as  a  useful  principle  of  order  umid  half-intelligible 
phenomena. 

Hydrogen  is  most  diversely  imprinted  on  the  Wolf-Kayet 
spectra.  Its  linos,  according  to  Professor  Campbell,  ■  have 
uearly  every  known  character.  In  many  of  the  stars  they  are 
dark.  Again,  they  are  dark  with  bright  borders,  and  suggest 
strongly  that  they  are  doubly  reversed.  The  bright  hydrogen 
lines  vary  from  faint  to  very  bright,  from  monochromatic  lines 
to  very  brood  bands,  and  from  those  clearly  single  to  those 
apparently  multiple."  This  splitting-up  of  widened  lines  is 
evidently  analogous  to  the  tripling  of  the  brilliant  hydrogen 
rays  observed  in  Mira,  and  once  more  recalls  the  ponsibility 
that  certain  peculiar  stellar  spectra  may  be  produced  in  power- 
1  iil  magnetic  fields.  Helium  is  not  very  prominent  in  spectra 
of  this  type.  It  frequently  shows  by  emission  in  D„  and 
occasionally,  even  in  the  same  star,  by  absorption  at  X  4472  ; 
hut  its  display  is  subordinate  to  that  of  other  known  and 
unknown  elements. 

The  grand  exemplar  of  the  Woli'-Ruyet  class  is  7  Argus 
[alias  7  Veloruin),  a  star  of  2*4  magnitude,  giving  a  resplendent 
spectrum  ablaze  with  yellow  and  blue  lines.  It  was  tirst  effee- 
1  iv.'ly  studied  by  Professor  Campbell  in  1893-94,'  although  at 
the  Lick  Observatory  the  star  barely  attains  an  altitude  of  six 
degrees,  and  can  be  observed  for  only  a  few  minute*  on  any 
ouc  night.     The  main  facte  that  struck  him  w.r.  the  brilli 

1  AMropk  Jot-rn.  toI.  it  |*   if* 
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of  C,  the  transitional  character  of  F,  and  Qm  Utfnfi l^ated 
darkness  of  all  the  upper  hydrogen  lines.  Similarly,  thr 
initial  term  of  the  Pickering  Auric*  at  \  54 1  shows  by  emission, 
the  rest  by  absorption ,  while  a  bright  D,  contrasts  with 
a  number  of  more  rcfrnugible  dark  associates.  As  usual, 
both  blue  bands  arc  vwiblo,  but  the  weight  of  radiation  l-dl- 
upon  that  of  shorter  wave-length,  the  Rydherg  line  fteing 
comparatively  inconspicuous.  Mies  QuDMI  found  several  of 
the  hydrogen  lines  in  both  series  to  be  dark  with  illuminated 
borders,  an  arrangement,  as  she  remarked,  the  inverse  of  that 
prevailing  in  y  Cassiopeia*  and  its  allies.1  Mr.  McCIeau 
recognised  oxygen  absorption  in  this  star,"  and  the  feature  is 
not  unlikely  to  prove,  on  fuller  inquiry,  common  to  all  thr 
members  of  its  class.  The  absence  of  II  and  K  is  more  than 
probable,  and  suggest*  compun -n    ad  reflections. 

A  7'5  magnitude  star  in  Cygnus  (I).M.  4-  43  357  I)  show.*. 
like  7  Arguj,  a  mixed  succession  of  hydrogen  lines,  but 
modified,  perhaps,  by  double  reversals.*  With  the  I-ick 
thiity-eix  inch  Professor  Keeler  perceived  its  spectrum  as  "an 
extremely  complicated  range  of  absorption  band*  and  faint 
bright  lines,***  the  unusual  width  nf  which  struck  both  him 
and  I'rofemor  Catnpb'11.  Thus  the  azure  bands  actually 
overlap,  forming  u  single  indistinct  glow  one  hundred  tenth- 
metres  broad.  A  spectrograph  of  this  object,  taken  by  Mr. 
Ellerman  with  the  forty-inch  Yerkes  refractor,  is  described 6  as 
totally  unlike  any  spectrum  of  the  fourth  type.  Whether  the 
dissimilarity  is  of  a  nature  to  be  generalised  so  as  to  exclude 
all  idea  of  kinship  between  these  stellar  families  is  more  than 
we  can  tell  at  present. 

A  star  of  about  the  same  brightness,  distinguished  as 
"  Argelaiider-Oeltzcu,  17,681,"  was  swept  up  in  Sagittarius 
by  Pickering  in  1881.  In  its  spectrum  the  golden  ray  at 
\  581  and  the  lazulite  beam  at  X  465  predominate  almost 
exclusively.  Vogel  could  see  no  others  with  the  great  Vienna 
refractor    in    1883;"    nevertheless,    Campbell    succeeded,  ten 

1    Harvard  Annals,  vol.  xxviii.  p.  247. 
3  S/^etra  ;/  Southern  S'ars,  p.  15,   l'Ut«  ni. 

3  !..'.Ln,hi".'KT  Astr.  and  Astruph.  vol.  liii.   )>.  449  ;  Attroph.  Journ.  rol.  ii. 
T-  178.  *  /*uW.  Pat.  Society,  rol.  i.  p.  81. 

*  Hair,  )>*•*«  Obserr.  Report,  ii.  p.  6. 

•  PU*biM  f'ubi.  No.  14,  p.  15. 
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years  later,  in  measuring  twenty  bright  lines  in  this  wonderful 
spectrum.1  Only  one  among  them,  and  that  of  secondary 
importance,  can  be  attributed  to  helium;  but  many  doe  U) 
that  substance  may  be  included  in  the  unexplored  absorption 
spectrum  of  "  A.O.  17,681." 

A  Btar  of  6*4  magnitude  in  Canis  Major,  catalogued  us 
"  Lalande  13,412,"  shows,  instead  of  the  unknown  blue  and 
yellow  rays  at  X  465  and  X  581,  the  "  new"  hydrogen  1  in*  - 
at  X  469  and  X  541.*  The  spectrum  includes,  besides,  a 
more  refrangible  blue  band,  centred  about  X  461,  but  diffuse 
and  divided.  These  multiple  azure  effulgences  in  the  Wolf- 
Rayet  stars  offer  a  problem  of  singular  interest.  They  possess 
none  of  the  structure  of  genuine  rlutings  ;  they  seem  apt  to 
spread  unsymmetrically.  Is  this  an  effect  of  pressure  on  tlx» 
emitting  vapour  ?  Or  does  it  arise  from  some  property 
inherent  in  it,  or  some  mode  of  action  exerted  upon  it  7  The 
answers  may  be  long  postponed,  but  cannot  fail  to  prove 
interesting. 

A  unique  specimen  of  this  class  was  photographically 
detected  in  Cyguus  in  the  course  of  the  "  Draper  Memorial " 
surveys.*1  It  is  extremely  faint — below  the  ninth  magnitude 
— and  was  enrolled  in  the  Bonn  Durchmusterung  as  D.M. 
+  30"  3639.  Nevertheless,  its  spectrum  offers  more  than 
common  facilities  for  exact  observation,  owing  to  the  sharpness 
of  \ie  component  raya  Thirty  were  measured  by  Campbell 
in  1893/  and  they  include,  with  many  common  to  the  type, 
several  that  appear  to  be  individual  to  the  star.  The  two 
brightest  lines,  however,  are  F  and  X  569,  the  "citron"  line 
strong  in  y  Argils.  The  Pickering  and  Rydberg  seriee  are 
faint,  while  the  alternative  blue  band  at  X  465  glows 
intensely.  But  the  distinctive  feature  of  the  star  is  that  it 
is  sptttroxopicaUy  nebuUtv*.  Observed  on  the  F-line  like  a 
solar  prominence,  Professor  Campbell  found  it  to  present  a 
very  appreciable  disc,6  which,  on  narrowing  the  slit,  became 

1  AMr,  and  AMrcfX  vol  «iii.  pp.  4B0,  4C8. 
<'.'.»!  I II,   Awir.  ami  AMrvpk.  toL   xiii.  pp.    458,  468;  Pickering,    -lair. 
Jr*A.  No.  S03&  ,  \uRt\,  7W*ium  ML  No.  14,  p.  17  |   A.  J.  Oooon,  //arvW 
Annate,  vol.  xxviii.  pp.  147,  248. 

'  Pickering,  AMr  N<uA.  No.  M8fl. 

*  Attr.arui  AMrofX  vol.  nii.  p.  4*1 

•  Ibid,  vol*,  tii  p.  015  ;  xiii  p.  4«1 
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reduced  to  a  Hue,  as  nhown  in  Figure  20.  The  length  of  this 
line  is  about  5"  of  arc,  and  it  measure*  the  Ipptteflt  diaujeter 
of  the  incandescent  envelope  of  hydrogen  which  nurrounds  the 
body  of  the  star.  Only  the  hydrogen  linos  behave  Llnih 
exceptionally,  all  the  other 
spectral  rays  show  as  mere 
lirigtit  points  upon  the  con- 
tinuous background,  which 
they  do  not  transcend  by  "jj 

a  hair's- breadth.     That  i*     ^^^^—      I  a^^^g 

to    say,    hydrogen    is    the     „      ,    _  _.    .       . 

sole  glowing  constituent  of  sur.  d.m.  •*•  ar  amMONTtAin. 

the     enormous     appendage 

revealed  by  the  powerful  appliances  avuikblo  at  the  Lick 
Observatory.  It  has  been  -« --u  nowhere  else,  but  Rung*1  and 
Keeler*  separately  verified  its  existence. 

There  are  a  few  »in  uiii-tniKi.v  worth  noting  in  connection 
with  this  extraordinary  appearance  First,  the  vast  spread 
of  incandescent  hydrogen  round  the  star  bus  no  effect  in 
thickening  the  representative  linen  of  that  mi  butane**  in  the 
star's  spectrum.  Tliey  are,  on  the  contrary,  particularly  fine 
<iuu    uuituw.       The    euvelopo,    wo  can    heuue    unci,   ia    uuC    ail 

atmosphere  ;  there  is  no  appreciable  downward  pressure  of 
its  strata.  Again,  it  must  be — in  the  ordinary  sense— hotter 
than  the  photosphere  it  surrounds ;  for  the  bright  lines 
emanating  from  it  are  not  reversed  where  they  cross  the 
prismatic  thread  due  to  the  nucleus,  as  they  should  be  if 
the  nucleus  were  at  a  higher  temperature  than  its  envelope. 
Finally,  it  may  be  possible,  by  researches  into  the  parallax  and 
proper  motion  of  this  star,  to  form  some  estimate  of  its  actual 
distance,  and  consequently  of  the  real  extent  of  its  gaseous 
surroundings.  Thus  might  be  opened  a  novel  line  of  inquiry 
destined  to  lead  future  students  of  the  skies  far  afield. 

The  chemistry  of  the  Wolf-Rayet  stars — judging  from 
partial  interpretations  of  the  disclosing  script — is  of  the  simplest 
They  have  as  unfailing  constituents  hydrogen  and  helium ; 
oxygen  is  at  least  occasionally  present,  and  the  detection  of  nitro- 
gen may  be  expected  with  some  confidence.     Sir  William  and 

1  A$tr.  XacK  No.  3471. 

>   AstrofJi.  Jtfurn.  rol.  viii.  p.  113. 
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Lady  Huggins  showed  in  1890  '  the  inadmissibility  of  a  carbon 
origin  for  any  nf  the  blue  bands,  und  defined  their  position* 
by  exact  measurements.  Professor  Campbell's  observations, 
visual  and  photographic,  of  thirty-two  members  of  the  class 
•  -<  attributed  materially  to  promote  acquaintance  with  their 
peculiarities ;  yet  they  stimulated,  rather  than  satisfied 
curiosity. 

The  distribution  of  these  objects  is  strongly  selective. 
They  are  virtually  confined  to  the  Milky  Way.  The  rule 
is  emphasised  by  its  apparent  exceptions,  for  the  single 
specimen  of  the  type  deviating  considerably  in  position  from 
the  galactic  plane  has  proved,  on  closer  inquiry,  to  be 
situated  in  a  galactic  offset ;  while  the  twenty-two  grouped 
in  the  Magellanic  Clouds  belong  to  aggregations  of  the 
guhictic  order,  and  subject  presumably  to  galactic  con- 
ditions. The  Milky  Way,  then,  and  the  Nubeculte  afford 
analogous  and  exclusive  facilities  for  the  development  of  such 
bodies.  They  seem,  moreover,  to  be  provided  more  freely  in 
some  regions  than  in  others,  since  the  objects  in  question 
tend  to  collect  into  knots  or  groups,  the  finding  of  one  Wolf- 
Rayet  star  being  generally  the  prelude  to  additional  detections 
in  the  same  neighbourhood.  Yet  they  rarely  or  never  form 
binary  combinations.  They  are  loosely  associated  without  any 
suggestion  of  mutual  circulation.  Nor  has  any  of  them,  so 
far,  given  signs  of  spectroscopic  duplicity.  They  are  singularly 
steady  light  -  givera  No  Wolf-Rayet  star  is  under  the 
slightest  suspicion  of  variability.  Atmospheric  incandescence 
on  the  largest  scale  is  compatible  in  them  with  the  perfectly 
uniform  working  of  arrangements  for  tho  transference  of  heated 
matter  from  the  interior  to  the  surface  of  the  radiating  bodies. 
Considering  the  frequent  and  extreme  instability  of  many 
bright-line  stars  of  other  varieties,  this  fact  can  hardly  be  too 
strenuously  insisted  upon. 

1  /Voe  Royal  Steuty,  vol.  ilir.  p.  SS. 


CHAPTER    XI. 

THE   tiEXERAL  gUESTlON  OK  BRIGHT  LINES  IN    STELLAR  SPECTRA. 

TllE  more  closely  we  study  the  phenomena  of  bright  lines  in 
stellar  spectra,  the  more-  fully  convinced  we  l>ec©ino  tliat  no 
single  or  simple  principle  avails  to  explain  them.  They  are 
evidently  prod  urn]  under  varied  eii<-uiuMane.e.s  at  different 
elevations  above  the  stellar  photosphere*,  ami  in  umuifnld 
forms  of  connection  with  the  adjacent  absorbent  layers. 
:  .-....!!/  rapidly  th-;  ehi.«!"  typ«i  Of  KBfflHVe  spo.'tra.  *>-  eau. 
to  some  extent,  gather  their  implications. 

The  sin*  qud  turn  fur  the  display  of  bright  lines  is  the 
presence  of  a  stratum  in  the  star's  atmosphere  outshining  the 
photosphere.  The  difficulty  is  indeed  very  great  of  attribut- 
ing this  superiority  in  brightness  to  a  superiority  in  tempera- 
ture ;  but  it  can  be  evaded  by  the  use  of  Wiedemann's 
convenient  term  "  luminescence,"  signifying  a  state  of  glow 
unconditioned  in  the  strict  sense  by  heat.  The  rationale  of 
"  luminescence  "  is  still  uncertain,  but  the  introduction  of  the 
new  idea  it  represents  marks  an  important  departure  from  the 
old  groove  of  thought.  Now  we  can  trace  two  modes  of 
emission  in  the  sun,  faintly  indicated,  it  is  true,  but  instructive 
as  being  within  reach  of  comparatively  immediate  study.  In 
the  first,  place,  some  of  the  Fraunhofer  lines  seem  to  be 
relieved  against  vague  effusions  of  light,1  originating,  almost 
certaiuly,  beneath  the  reversing  layer,  among  the  interstices  of 
the  photospheric  clouds.  In  the  second  place,  the  violet 
calcium  lines,  and  occasionally  one  or  two  lines  of  hydrogen, 
are  doubly  reversed  in  the  chromosphere.  Both  kinds  of 
effect  are  reproduced  in  stellar  spectra. 

1  Jewell,  Astroph.  Journ.  vol.  iii.  p.  99. 
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( '.nUm  stan  shim  bright  lines,  which  may  be  desr.rilied 
hb  chromospheric ;  the  gases  emitting  them  surmount  the 
vapours  generating  the  noted  dark  Itands.  Moreover,  these 
rays  appear  to  bo  simple  and  unconipounded  of  bright  and 
dark  elements  ;  they  are  not  perceptibly  affected  by  reversals 
or  ahsoqitinns.  The  same  may  be  said  of  the  bright  lines  in 
Mira- variables.  Yet  the  locality  of  their  origin  is  widely 
different.  They  are  essentially  photoepberic  and  deep-seated, 
shining  from  beneath  the  dusky  flutings  they  diversify.  Th»- 
leading  characteristic  of  bright-line  helium  stars  is  the  duplica- 
tion of  their  spectra.  The  vivid  rayB  have  dark  companions. 
And  this,  uot  through  the  optical  conjunction  of  two  distinct 
bodies,  but  as  the  result  of  physical  conditions  prevailing  in 
a  single  globe.  In  such  stars,  then,  there  are  complex  stratifi- 
cations of  emitting  and  reversing  vapours  diversely  affected, 
we  cannot  tell  how,  by  heat,  pressure,  magnetism,  or 
electricity.  £The  gradual  penetration  into  the  secrets  of 
nature  that  must  accompany  their  study  offers  an  enticing, 
and  a  far  from  hopeless  prospect  to  the  rising  generation 
of  astrophysicists!^  But  it  will  involve  an  indefinite  ex- 
penditure of  time  and  labour.  The  conditions  of  bright- 
line  production  in  Wolf-Rayet  Btars  are  extremely  hard  to 
define.  They  probably  vary  greatly  in  individual  siiecimens. 
The  state  of  some  probably  resembles  that  of  helium  stars 
showing  analogous  symptoms  of  gaseous  incandescence.  The 
corresponding  reversals,  however,  are  less  emphatic,  and  have 
indeed  been  rather  suspected  than  perceived.  Other  members 
of  the  VVolf-lhiyet  class  (for  Campl^H's  star  presumably  has 
fellows)  possess  vast  gaseous  envelopes,  uniformly  glowing, 
and  scarcely  arresting  light. 

As  to  the  theory  of  bright  lines  in  stellar   spectra,  it  is 
only  certain  that  they  testify  to  a  real  excess  of  iucandesceTi 
certain  layers  of  tin-  stellar  atmospheres.     They  are  not  opl  ii 
created  by  the  concentration,  through  distance,  of  far-reaching, 
cool,  gaseous  appurtenances.     This  is  proved  by  the  exu 
of  the  sun,  by  the  study  of  Campbell's  star  in  CygnuH,  in 
which  not  a  cool,  but  a    strongly  glowing  appurtenant 
actually  visible,  and  by  the  phenomena  of  spectral  variability. 
totally   inexplicable  on   the  view  iliat  mere  extent  of  gaseous 
surroundings    is  competent  to  produce    bright    lines.      It  is 
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much  easier,  however,  to  deny  than  bo  affirm — to  perceive 
incongruities  with  fact  than  to  trace  the  lines  of  a  true 
hypothesis.  This  cannot  l>e  done  off-hand ;  much  prelimi- 
nary toil  must  be  undertaken.  Of  prime  necessity  is  the 
umi in m Mi.-  study  of  the  sun's  facular  rays,  of  their  origin- 
ating conditions,  their  displacement*,  their  periodical  changes. 
Laboratory  inquiries  will  proceed  simultaneously — inquiries 
into  the  nature  of  "  luminescence/'  into  the  temperature  of 
radiating  gases,  into  the  spectral  effect*  of  varied  modes  of 
electrical  illumination,  all  which  topics  may  demand  sub- 
terfuges of  treatment  not  yet  easily  imaginable.  But  need 
will  stimulate  invention,  and  knowledge  will  advance  along  the 
arduous  ways  by  which  alone  future  proj^rem  in  possible. 


CHAPTER    XII. 

iKDKHOtn    AXD    VARIABLE    SPECTRA. 

A  SMALL  proportion  of  stellar  spectra  show  marked  individual! 
ties ;  they  differ  notably  from  the  recognised  types,  and  may 
help,  by  their  very  diversity,  to  elucidate  them.  Some  belong 
to  stars  variable  in  light;  most  are  probably  inconstant  in 
their  peculiarities ;  none  have  hs  yet  received  the  persistent 
attention  that  they  deserve. 

The  ■  comet  variable,"  R  Ueminorum,  was  last  observed  by 
Vogel  in  1874,1  and  then  not  to  the  best  advantage.  A 
maximum,  at  which  the  star  rose  somewhat  above  the  seventh 
magnitude,  occurred  7th  April,  and  during  a  month  previously 
dark  and  bright  bands  were  distinguishable  in  its  spectrum. 
Repeated  measurements  proved  the  latter  to  coincide  in  position 
with  the  dusky  colonnade  in  fourth-type  stars.  They  were 
due,  quite  unmistakably,  to  the  direct  radiations  of  carbon. 
The  variable,  in  other  words,  glowed  with  a  light  funda- 
mentally the  same  in  quality  as  that  of  a  comet  approaching 
perihelion,  No  hydrogen  or  helium  lines  seem  to  have  been 
present;  but  the  strong  yellow  ray  located  at  \  581  must  be 
identified  with  the  Wolf-Rayet  line,2  specially  associated,  as 
we  have  seeu,  with  the  lazuliu*  hand  at  X  465.  It  will  be  in- 
teresting to  learn  whether  the  same  connection  subsists  in  the 
variable ;  but  some  years  must  elapse  before  any  kind  of  new 
information  regarding  it  can  be  obtained.  Just  at  present 
the  star,  in  its  bright  phases,  is  too  near  the  sun  for  purposes 
of  useful  research,  and  its  period  of  370  days  differs  so  littlr 
from  a  year  that  the  conjunction  passes  oiY  with  extreme  slow- 
ness.    The  minima  of  thi.N  curious  variable  carry  it  to  the  l 

'  A*r.  \arX.  No.  *iO0O.  *  rrort-Scheiner   A*r.  Sp»ftramtn,  ^  «« 
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verge  of  extinction,  below  the  range  of  ordinary  telescopes. 
The  attempt  has  not  yet  been  made  to  keep  it  in  view  with 
those  of  large  aperture. 

A  star  capriciously  variable  both  in  the  kind  and  in  the 
quantity  of  ite  light  was  discovered  by  Pigott  in  1795 
Usually  almost  constant  at  the  sixth  magnitude.  R  Coron* 
is  liable,  at  intervals  counted  by  yearn,  to  lapses  into  obscurity,1 
varied  by  spasmodic  efforts  towards  recovery,  each  crisis  of 
instability  lasting  many  months.  The  spectral  fluctuations 
of  the  star  seern  unrelated  to  its  changes  of  brightness 
They  were  first  noticed  by  Mr.  Espin  in  1890,  but  so 
far  have  not  been  very  clearly  defin<*i.  Migrations  from 
type  to  type  are  somewhat  vaguely  indicated;  their  reality 
would  involve  so  much  that  is  novel  and  surprising  that  it 
can  only  be  admitted  on  irrefragable  evidence.  On  14th 
September  1890*  the  spectrum  appeared  of  Type  iv.  ;  it  was 
interrupted  by  obscure  bands  held  to  be  those  of  carbon 
absorption.  In  April  1893*  bright  lines  and  nondescript 
dark  bands  alternately  stood  out  to  view  and  became  effaced  ; 
and  on  4th  May  1899*  a  spectrum  resembling  that  of  the 
sun  had  established  itself.  Mr.  Kspin  is  convinced  that  a 
double  light-source  is  in  question,  and  that  the  observed 
changes  are  explicable  by  the  conjunctions  and  elongations 
of  revolving  stars,  giving  contrasted  spectra ;  but  unless 
they  can  be  brought  into  conformity  with  some  time-regimen, 
such  an  hypothesis  Ls  evidently  inapplicable. 

The  spectrum  of  a  star  in  the  Shield  of  Sobieaki  is  probably 
analogous  to  that  of  R  Coronas,  but  the  suspected  variation 
is  not  from  the  fourth,  but  from  the  third  to  the  second 
type.  In  August  1890  Mr.  Espin  derived  from  R  Scuti 
a  set  of  faint  bands,  modelled  to  all  appearance  on  those  of 
Mira  or  a  Herculis ; '  a  glimmer  of  bright  lines  in  the  blue 
and  violet,  however,  betrayed  unusual  characteristics,  com- 
pletely drowned,  like  the  concomitant  absorption,  in  the 
flood  of  continuous  light  accompanying  and  occasioning  the 
maximum    in    October.      Less    than    two    years    later,    25th 

1  Argtlander,  A  dr.  Nach.  No.  624. 

1  Monthly  Notice*,  vol.  li.  p.  VI ;  Kniger,  Cat.  der  faring.  SUme,  p.  81. 

'  Attr.  Nach.  No.  8200.  «  Ibid.  No.  368*. 

">  Monthly  Notice*,  vol.  U.  u  12. 
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June  1892,  Dr.  Kriiger  found  the  spectrum  definitely  solar. 
the  6-group  of  magnesium  being  particularly  distinct.'  K 
Seuti  never  sinks  below  the  ninth  magnitude.  It  is  then  at 
all  times  fairly  accessible  to  exact  investigation**,  which  should 
serve,  without  much  difficulty,  to  fix  the  true  nature  of  fcfail 
still  enigmatical  object.  The  mode  of  spectral  variability 
which  it  exemplifies  is  not  generally  accounted  as  possible  by 
those  who  undertake  to  discuss  the  intricate  subject  of 
stellar  development ;  this  could  hardly,  indeed,  be  dealt  with 
on  the  old  lines  if  the  suspected  phenomenon  proved  to  be  an 
unquestionable  fact. 

Spectral  and  luminous  variability  are,  in  certain  stars, 
inseparably  connected  With  increasing  light  the  hydrogen 
lines  brighten ;  with  ebbing  light  they  fade.  A  common 
cause  evidently  governs  the  two  kinds  of  change.  This  close 
correspondence  is  observed  only  in  periodical  objects  of  the 
Mira-closa  Variables  of  a  less  regular  type,  such  as  B 
Corona),  fluctuate  spectrally  in  apparent  disregard  of  thou 
light -vicissitudes  ;  while  yet  a  third  description  of  spectro- 
scopic variables  are  exempt  from  the  least  suspicion  of  in- 
stability in  brightness.  A  conspicuous  example  of  the  last 
kind  is  7  Cassiopeia?. 

Normally,  the  red  hydrogen  line  is  the  brightest  in  its 
spectrum ;  yet  it  seemed  extinct  when  looked  for  by  Dr. 
Vogel,  18th  June  1872.'  To  the  Dunecht  observers,  how- 
ever, it  showed  "superbly"  bright  20th  December  1879,' 
then  lapsed  into  invisibility,  until  rekindled  under  the  eyes  of 
Von  Gothard  at  Hereby,  13th  August  1883.*  Since  then 
it  lias  not  been  missed,  but  has  rarely  l>een  sought ;  for  it 
can  scarcely  be  called  accessible  to  spectrograpbic  observation, 
and  direct  inspection  of  stellar  spectra  has  unfortunately 
fallen  out  of  vogue.  On  13th  September  1885  Dr.  Cope- 
land  found  C  very  bright  in  7  Cassiopeia?,  F  just  measurable  .  'J 
on  fifty- two  plates  taken  at  Stony  hurst  during  the  years  1891- 
99°  F  was  "superlatively  bright,"  C  being  of  course  below 
their  range.     No  evidence  was  elicited  from  them  of  alteration 

'  Oat  aVr/«rWp.  SUrm,  p.  90.  ■  £<*kkomp  A4.  Htft  it  p  U4. 

*  CopcUinl,  MnUhlt  tfo4U**,  roL  xlriL  p.  W. 

-  Adr.  X<*K  No.  SM».  ■  /V«a  A**/  tobfe  vol  ML  p.  17«. 

*  JfontAJy  .Vrfirtl.  toL  1U.  p.f-06. 
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in  the  hydrogen  spectrum,  but  they  gave  strong  grounds  for 
suspicion  of  change  ixi  lines  due  to  other  sulrtUncea,  notably 
in  a  strougmy  at  X  468 G,  doubtfully  associate* i  with  vauodium. 
Suspicion  might  havo  been  raised  to  OBtVfat]  B  tl>"  yellow 
helium  line  had  fallen  within  the  Hcope  of  inquiry,  for  the 
variability  of  Da  in  this  star  may  safely  !*■  bik<  »v«L 

Although  olx«erved  aft  iirighi  by  Secchi  iu  1867/  measured  hy 
Von  Gothard  20th  August  1883rs  and  just  recognised  at  tho 
O  Gyalla  Olservutory  in  1891,  and  at  Smith  Kensington  late 
in  1889  and  1894,3  the  line  is  commonly  invisible  under  t lit? 
most  favourable  condition.1*.  Keclor  could  not  iiud  it  with  tho 
great  Lick  refractor  in  the  summer  of  1889;'  three  spectro- 
grams, taken  on  orthochroinatie  plates  with  the  Pulkowa 
thirty-inch  hy  Bolupolsky  in  1892,  bore  no  trace  of  it;* 
its  emergences,  in  brief,  are  so  transient  and  uncertain  as  to 
be  altogether  excoptiouuL  They  nceiu  ijuiU-  casual — that  is 
to  Bay,  their  law  of  causation  is  to  us  inscrutable.  Tho 
remaining  chief  lines  of  helium  in  y  Cassiopeia*  aro  dark,  with 
indications  of  fin*  bright  reverxaln  at  their  centrea* 

The  metallic  spectrum,  too,  is  unmistakably  variable.  Von 
Konkoly  noted  sodium  absorption  at  D,  15th  September 
1884.r  Yet  Keoler's  examination,  five  years  later,  showed 
the  spectrum  in  that  vicinity  to  be  absolutely  continuous. 
No  subsequent  record  of  dark  D  has  probably  been  mada 
The  magnesium  group  6,  on  the  other  hand,  seen  dark  by 
Keeler,  appeared  bright  on  the  Stonyhurst  photographs,  and 
it  was  accompanied  by  the  blue  emission  from  "  high  tempera- 
ture" magnesium  at  X  4482.  No  iron  lines  are  brightened 
in  this  spectrum.  A  clue  to  its  intricacies  may  be  found  by 
the  employment  of  combined  visual  and  photographic  methods. 
Neither  by  itself  is  altogether  satisfactory.  Changes  in  one 
part  of  the  spectrum  lose  half  their  significance  unless  corre- 
lated with  changes  in  the  remaining  porta  The  assurance  of 
their  reality,  besides,  would  be  immensely  strengthened  by  the 
demonstration    of    their    not    being    isolated.      Sympathetic 

1  Sugli  Upettri  Pritututiti  tUlU  StdU,  Mem.  ii.  IRS*1. 

J  Krodt-Scheiner,  Attr.  Spedrtmopij,  p.  266. 

*  Luokyet,  Prne.  Ruyal  Society,  vol.  Ivii.  \k  173. 

4  rub?.  PurtjU  Society  vol.  i.  p.  *0.  3  Astr.  Xaek.  No.  3129. 

*  A.  C.  Maury,  Harvard  AnnaU,  vol  xxTiii.  pp.  124,  126. 

1  O  'Jyalla  Bob.  Bd.  vii.  p.  14. 


250 


PROBLEMS   IN   ASTROPHYSICS 


variations,  independently  recorded,  could  hardly  be  the  creation 
of  instrumental  or  other  extraneous  causes 

The  chroinospheric  instability  of  7  Cassiopeia*  ia  ahared 
by  a  good  many  other  stars.  Among  them  is  J  Velorum 
(A.G.C.  14,145),  spectrographically  registered  at  various  dates 
in  the  course  of  the  Harvard  College  southern  surveys  of 
the  heavens.  Miss  A.  J.  Cannon's  examination l  showed  that 
on  the  plate  taken  2nd  June  1893  the  green  and  blue 
hydrogen  lines  (H/9  and  H7)  were  bright,  superposed  upon 
broad  absorption  bands.  Nevertheless  on  19th  April  1896 
and  19th  March  1896  they  were  simply  dark,  with  no  trace 
of  vivid  reversals.  And  so  they  remained  in  1899.  Whether 
the  red  line,  usually  in  such  stars  the  most  brilliant  of  the 
series,  responded  to  the  chroinospheric  extinction  attested  by 
its  more  refrangible  associates,  can  never  now  be  known ; 
but  something  may,  in  the  future,  be  discovered  about  its 
behaviour  should  the  spectrum  of  J  Velorum  ever  be  re- 
kindled The  star,  which  is  of  the  fifth  magnitude,  does  not 
vary  appreciably  in  lustre. 

An  inverse  change  to  that  observed  in  J  Velorum  was 
detected  by  similar  means  in  a  seventh -magnitude  star  m 
the  southern  constellation  Chama-leon  (A.G.C.  14,686).  On 
20th  May  1892  it  appeared  to  be  of  the  Sirian  type; 
hydrogen  showed  only  by  absorption  ;  but  on  3rd  April  1895 
}\B  was  bright,  eighteen  days  later  H7  had  followed  suit, 
and  fringes  of  light  seemed  attached  to  the  lower  edges  of 
two  of  the  ultra-violet  hydrogen  lines.1  The  progressive 
incandescence,  betokened  by  the  creeping  upward  of  the 
illumination,  was  a  complete  novelty ;  its  probable  initial 
symptom  in  the  blaze  of  C  necessarily  remained  unnotired. 
It  is  earnestly  to  be  hoped  that  this  unique  object  may  not 
slip  out  of  view  amid  so  many  conflicting  claims  for  attention 
advanced  by  the  denizens  of  the  southern  heavens, 

A  star  in  Canis  Major  (A.G.C.  9181) B  is  distinguished  by 
frequent  fluctuations  from  brilliancy  to  obscurity  of  the  green 
and  blue  hydrogen  lines.  Miss  Cannon  has  traced  their  spectro- 
graphic  history  since  1892.     The  more  refrangible  members  of 


*  tfarwrf  Cot/eft  Uireuimr,  No.  IS  :  AnnaJ*,  »ol    DtVttl  p.  lis. 
■  //.^nrf  CirtuUr,  Kg.  J8. 
1  Ml  V..  '.'1  ;  A*****,  V&>  xxr'w.  %  184. 
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the  series  are  present — it  can  !«'  iulei  red — as  absorption  lines, 
ami  ('  is  explicitly  stated  by  Campbell  to  have  been  glowing 
in  1804.1  Variations  of  it*  gnvn  companion  (Hf3)>  MftlogMi 
to  those  just  described,  have  recently  been  detected  in  the 
spectra  of  17  Ontauri  and  k'  Apodis.1 

The  percentage  of  abnormal  stars  found  on  the  Draper 
Memorial  plates  is  exceedingly  small ;  jafe  they  sum  up  to  a 
uot  insignificant  total.  A  few  may  be  named  as  worthy  of 
sustained  attention.  A  sixth  -  magnitude  star  in  Libra 
(A.G.C.  20,937)  was  announced  in  1895 '  to  show  a  spectrum 
resembling  that  of  the  great  l^joped  Nebula  (30  Doradtis). 
which  differs  in  li^ht-quality  from  other  gaseous  nebula? . 
and  a  stellar  apparition  in  the  Centaur,  then  visible,  was 
added  to  the  spectral  proup.  "Nova  Contauri "  promptly 
disappeared,  hut  the  star  in  Libra  in  permanently  pn-^nt, 
ami  available  year  by  year  for  prismatic  comparisons.  '1  'he 
peculiarilM-s  of  the  following  objects  have  not  been  expressly 
defined : — 

1.  S.B.D.— tr   1070;  R.A.  ftb   L-MPj  D»c— %%'    19.     Mug.  87. 

Photograph  fwi  at  An5|uip*.' 

2.  Z.C.    17fc    734;    RA.    17b    13'2" :    Dec— 66"    15'.      Mag.   frft. 

v^r<~.,t *t        -■    .     .        |-.|-V-. 

3.  S.D.M.— 8"  1467  ;  R.A.  6h  I8-1"  ;  Dec— 8#  48'.     Mag.  85,  but 
•lightly  variable/' 

4.  S.D.M.— 11°   1941  ;  R.A.  7h  2S-4m  ;  Dec.— IT  31'.     Mag.  8-9 
variable.     Banded  spectrum  of  uncertain  tyjie. 

o.  S.D.M.— 10*  6067;   R.A.  19h  llm\  Dec— 10*  64'.     Mag.   7. 
Unique  .spectrum  of  bands.8 

Possibly  the  original  records  secured  of  these  stars  may 
never  be  duplicated,  since  they  are  not  unlikely  to  be  spectrally 
variable  as  well  as  peculiar.  In  any  case  their  characteristics, 
which  are  precisely  of  the  kind  to  prove  specially  instructive, 
need  to  lie  more  fully  ascertained. 

The  spectra  of  <p  and  ^r  Persei — both  bright-line  helium 
stars — have  been  suspected  of  fluctuations;  but  those  of  the 

1   Astroph.  Journ.  toI.  H.  p.  180. 

1  Fifty-fifth  Harvard  Report,  p.  10  ;  Harvard  Circular,  No.  SO  ;  AnnmU,  vol. 
ixviii.  pp.  180,  1S3. 

3  Fleming,  Monthly  Notices,  vol.  liii.  p.  276  ;  Harvard  Circular,  No.  4. 

4  Attrvph.  Journ.  vol.  i.  \t.  411. 

5  Harvard  Circular,  No.  3*2. 

c  Fleming,  A*r.  Nock.  No.  8054  ;  Atr.  and  Attraphytia,  vol.  ri.  p.  S7. 
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lust  may  depend  upon  varying  radial  velocity,1  while  those  of 
the  second,  although  alight  in  amount,  are  of  a  particu- 
larly interesting  description.  They  consist  in  the  occasional 
shifting  of  the  brilliant  narrow  F  of  hydrogen  to  one  or 
other  side  of  the  absorption-band  upon  which,  in  general,  it  is 
centrally  placed.3  These  displacements  are  probably  of  the 
same  nature  as  the  alternate  marginal  illuminations  of  H£ 
in  6  Orionis  and  1 1  Monocerotis ;  they  are  certainly  un- 
connected with  revolving  movements  in  a  system  of  bodies. 
Many  more  instances  might  be  given  of  stellar  spectra 
apparently  abnormal,  and  at  least  ostensibly  variable,  but  the 
above  may  suffice  as  specimens. 

1    AMfi'fh,  Jtmru.  vols.  x.  p.  365  ,  Jii.  ft.  114. 
*  A.  C.  Maury,  Harvard  Annuls*  vol.  xxriii.  p.  104. 


CHAPTER    XIII. 

COLOUR    VAKIAU1MTY. 

Colour  variation  in  aUra  in  a  somewhat  elusive  phenomenon. 
It  cannot  bo  measured :  no  ■  colorimeter "  yet  constructed 
has  given  satisfactory  results.  Then  it  is  subject  to  ad- 
veutitiotis  iiuxlifluiliniiN  depending  ujhhi  t.lir  state  uf  tlw 
atmosphere,  the  fluctuating  sensitiveness  of  the  retina,  the 
nature  mid  aperture  of  the  telescope  employed.  The  name 
observer  after  a  prolonged  vigil  will  often  receive  quite 
different  chromatic  iraprwwion*  from  those  derived  with  un- 
fatigued  sight;  nay,  his  right  and  left  eyes  may  sometime* 
pronounce  incongruous  judgment*  uj>ou  a  colour-harmony  or  a 
colour-contrast.  Such  counterfeit  changes,  however,  are  flight 
and  evanescent ;  with  due  care  they  can  always  be  separated 
from  intrinsic  variations.  The  endless  individualities  of  colour- 
vision  have,  indeed,  also  to  be  taken  into  account  There  is  no 
branch  in  which  personal  equation  tells  so  heavily,  yet  so  in- 
tangibly. Hence  casual  anomalies  of  description  hardly  raise 
a  presumption  of  actual  change.  Evidence  that  it  has  occurred 
can  only  be  admitted  with  extreme  caution.  The  difficulty 
is  to  disengage  what  really  deserves  consideration  from  the 
multitude  of  floating  statements  tending  only  to  bewilderment 

Three  kinds  of  colour -variation  may  be  discriminated. 
They  severally  affect  periodical  stars,  red  stars  fairly  constant 
in  light,  and  tinted  star  couples. 

(1)  Stars  with  a  light-cycle  of  less  than  a  hundred  days 
are  usually  of  an  unchanging  yellowish  hue ;  but  "  long- 
period  "  variables  are  characteristically  red,  and  redness  in 
stars  appears  to  l>e  rarely  a  fixed  or  stable  property.  It 
might  be  compared  to  an  external  covering  capable  of  altera- 
tion in  opacity,  or  even  of  entire  removal,  and  connected  in 
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its  effective  action  with  complex,  more  or  less  unsettled  condi- 
tions. Very  commonly,  the  rises  and  descents  in  magnitude 
of  such  stars  are  associated  with  fadings  and  flushings  of 
colour,  a  deeper  tint  generally  accompanying  a  low  light- 
phase,  Tor  this  there  is  a  double  cause,  in  the  diminution 
of  brightness,  and  in  the  increase  of  absorption.  The  first 
acts  physiologically.  A  faint  ray  strikes  the  eye  as  redder 
than  one  more  brilliant,  although  both  be  of  the  same  re- 
frangibility.  The  second  works  objectively.  Absorption  in 
stellar  atmospheres  tells  mainly  on  the  blue  end  of  the 
spectrum.  Hence,  as  darkening  closes  in  upon  the  shorter 
wave-lengths,  the  stars  redden  more  and  more.  Mira,  which 
is  not  properly  a  colour-variable,  shows  this  effect  markedly. 
Certain  objects  of  the  same  class,  however,  change  more  radically, 
and  less  consistently.  Their  fluctuations  in  hue  correspond 
very  partially  to  their  fluctuations  in  light.  Colour-change 
seems  to  progress  independently,  and  from  a  superficial  point 
of  view  quite  capriciously. 

At  Sir  Cuthbert  Peek's  observatory  near  Lyme  Regis,  a 
score  of  variable  stars  have  been  kept  under  watch  since  1887. 
Tin:  data  regarding  them  collected  by  Mr.  Grover  are  remark- 
able and  suggestive  in  several  particulars,  especially  as  regards 
the  correlation  of  colour  with  magnitude.  An  important 
example  is  afforded  by  S  Herculis,  a  star  varying  from  the 
seventh  to  the  thirteenth  magnitude  in  about  ten  months. 
It  is  strongly  red  with  a  tine  fluted  spectrum,  yet  has,  at 
sundry  times,  been  seen  completely  blanched.  We  extract 
from  the  Bou&don.  Observations  some  notes  of  its  colour,  with 
the  iHJtltwnonding  dates  and  magnitudes. 

8  Hffrcidu 


Date. 

Vjajftl 

Ma 

1886,  Not.  U 

9*4 

Whit*,  uharp,  ud  diitinct. 

,,      Not.  29 

8-5 

DewUdrad. 

1887,  May  lfi 

10-9 

White;  little,  if  any,  colour 

lf      Dec.  20 

7  3 

Deep  ruddy. 

1888,  OcL  16 

M 

Fiery  red. 

1689,  June  29 

9-0 

Dull  gray  i  ah. 

„      8.pt  SO 

8  5 

Deep  coppery  red. 
Blood  red,  well  defined. 

„     Of  i.  22 

91 

1890,  May  23 

9-1 

Grey  or  aihen  colour. 

Brilliant  scarlet. 

1891.  Hay  13 

C-8 

1893,  Ao«.  1? 

••3 

DuU  white,  wall  defined. 

1894,  Sept  8 

7-8 

Nearly  white,  en*rp. 
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No  trace  of  regularity  is  perceptible  in  these  changes. 
The  mean  magnitude  of  the  star  wheu  white  was  90,  when 
at  itH  reddest,  8*5.  They  are  then  obviously  unrelated  to  its 
light-phase*. 

An  analogous  object  is  T  Ursa?  Majoris,  which  alternates 
between  deep  red  and  "creamy/*  or  pure  white,  though  with  u 
decided  tendency  to  assume  paler  tints  as  brightness  increases, 
A  typical  pair  of  observations  were  made  on  5th  and  14th 
February  1893.  On  the  first  evening  T  Ursa;  vraa  eatiiouted 
as  of  101  magnitude,  und  of  a  "deep,  dull,  ruddy  hue";  on 
the  second,  it  had  risen  to  9'3  magnitude,  and  become  a  "dull 
leaden  colour,"  showing  "  no  trace  of  orange  or  red — a  very 
curious  change,"  and  one  altogether  unaccountable.  Spectre- 
wnpir  iuformatiiiu,  siuiullain'ousU  procured,  would  boffl  bw 
likely  to  prove  instructive,  hut  none,  unfortunately,  is  avail- 
able 

A  counter  -  example  to  T  Uraa)  is  S  Cephci,  which, 
observed  under  the  same  conditions,  and  undergoing  similar 
variations  of  brightness,  was  nevertheless  recorded  as  at  all 
times  conspicuously  red.  On  the  other  hand,  ^  Cygui,  a 
flagrantly  nit  variable  of  the  Mini  tyjwi,  occasionally  divests 
itself  of  colour  as  it  brightens,  although  *'  scarlet "  maxima  are 
more  common  than  "  white."  Espin's  observations  confirm 
the  striking  variability  in  hue  of  ^  Cygni.  On  the  whole,  it 
cannot  be  doubted  that  temporary  whiteness  is  a  frequent 
feature  of  this  class  of  ruddy  stars,  and  the  fact  implies  a 
great  deal. 

(2)  In  the  second  class  of  colour  variables,  light-change 
supervenes  incidentally  or  not  at  nil.  It  includes  two  historic 
examples — Siriua  and  Algol,  both  exceedingly  unlikely,  yet 
both  attested  on  good  authority  to  have  been  red  within  the 
scientific  memory  of  man.  The  Sirian  question  has  been 
exhaustively  discussed  by  Dr.  See1  and  by  M.  Schiaparelli  ;  * 
their  arguments  are  of  most  curious  interest,  but  we  can  here 
only  attempt  to  give  what  appears,  on  a  fair  view,  to  be  their 
upshot  Two  facts  are  incontestable  ;  Seneca  compared  the 
colours  of  Mars  and  Sirius,  and  pronounced  the  Btar  to  be 
more  intensely  red  than  the  planet,  and   Ptolemy  applied  to 

1   Jstr.  and  A  *  ruphyncs,  Tol.  xi.  pp.  269,  872,  550. 
■  AUi  dtll  'Accad.  tUgli  Agiati,  t  ii.  18W. 
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it  his  current  epithet  for  "  glowing  ruddy  "  objects  (xnroieippo^), 
a  piece  of  evidence  vainly  sought  to  lie  explained  away  as 
a  transcriber's  error.  Many  other  ancient  authors  imply,  or 
ore  held  to  imply,  what  Seneca  and  Ptolemy  definitely  state ; 
but  even  apart  from  these  confirmatory  hints,  the  simplest 
and  perhaps  the  safest  course  appears  to  be  to  accept  anch 
definite  statements.  Their  improbability  does  not  in  itself 
warrant  their  rejection.  It  has  been  suggested  that  the 
rapid  scintillation  of  the  Dog-star  may  havo  lent  to  it  a 
fictitious  redness,  but  it  does  not  do  so  now.  "  Sinus  is 
glancing  blue-bright  like  a  spirit,"  Carlyie  wrote  from  Temp- 
lands  in  April  1842.  And  certainly  the  atmospheric  disguise 
of  colour  cannot  have  been  less  effective  in  Dumfriesshire  than 
at  Rome  or  Alexandria.  In  the  Iliad,  a  fiery  nature  and 
aspect  are  ascribed  to  Sirius ;  but  Homeric  indications  are 
often  loose  or  figurative.  They,  however,  lend  in  this  case 
countenance  to  the  plausible  surmise  that  the  redness  of  the 
star  was  of  antique  standing.  As  to  the  date  of  its  vanish- 
ing, nothing  positive  can  be  asserted  ;  but  the  negative  testi- 
mony of  Al-Sufi  places  it  almost  conclusively  before  the  tenth 
century. 

The  same  Persian  astronomer  supplies  the  only  extant 
notice  of  Algol's  early  redness.  Perhaps  a  merely  temporary 
phase,  it  seems  nevertheless  to  have  recurred  after  nine 
centuries.  This  was  in  1841,  when  Schmidt  at  Athens 
perceived  the  star  as  yellowish  red,1  although  its  subsequent 
whiteness  was  patent  to  him  as  to  all  other  observers.  Was 
Schmidt  deluded  ?  It  is  very  difficult  to  determine  Ouly 
the  star  itself  can  authenticate,  by  renewing,  its  evanescent 
glows  of  colour. 

The  pronounced  redness  of  a  seventh-magnitude  star.  No, 
8  in  Schjellerups  "  Red "  Catalogue*  was  recorded  by  Oeltzen 
during  his  revision  of  Argelander's  northern  zones.  Copeland. 
nevertheless,  found  it  white.  1st  January  1876 ;  Espin, 
yellow,  with  a  continuous  spectrum.  14th  November  1887  ; 
while  Kriiger  registered  on  6th  October  1891  well-developed 
bandB  of  the  third  type  corresponding  to  an  orange  tint. 
Again,  a  ninth-magnitude  star  in  Taurus8  appeared  to  Hind 

•  AMr,  ffiuft.  No.  nm.  «  KrUftr.  CiU.  drrf&HQ.  Stsn*.  jl  ». 

•  KnowBM"fl4  6Sol»j*U«rui."  =  Kr.i*?T  SIS.    Sm  da.  Hot  fm**f.  Sf#n*.  p.  M. 
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u  very  red,"  3rd  September  1848,  but  "  hlmnh  "  1 4th  Von 
bcT  1850.  Lost  sight  of  for  a  quarter  of  a  century,  it  was 
next  observed  by  Copland  in  January  and  February  1876 
as  pole  yollow,  and  by  Doberck,  three  yearn  later,  as  reddish 
orange.  Finally,  on  10th  .lauuary  1888,  Benin  saw  it  white, 
with  a  seemingly  continuous  spectrum ;  since  when  no 
attention — that  the  present  writer  is  uwure  of — litis  been 
paid  to  it  A  much  brighter  star  in  Aquila '  (seventh  magni- 
tude) showed  red  to  Schjellerup  in  1863,  but  to  Birmingham 
colourless  in  1872  and  1874,  and  btiu  18th  May  and  20th 
July  1873.  These  changes  were  in  a  manner  verified  by 
subsequent  spectroscopic  ol<servatiou8 ;  for  the  object,  which 
had  thon  recovered  a  ruddy  tinge,  was  classed  by  Espin  as 
of  the  fluted  type,  20th  September  1889,  but  by  Krtig*r, 
25th  June  1892,  as  a  solar  Rtar  with  a  pile  yellow  cast 
The  colour-phases  of  an  eighth-magnitude  star,  "63  Schi'l 
lerup,"3  are  attested  by  the  best  authorities;  it  is  impossible 
to  doubt  their  reality.  Picked  out  for  its  redness  at 
Copenhagen  in  1863,  the  object,  after  numerous  alternation*, 
was  described  by  Franks  in  1885  as  white.  No  later  observa- 
tions appear  to  be  extant. 

The  following  short  list  of  the  best-authenticated  colour- 
variables  may  be  useful  to  observers: — 

'    No.  6803  of  the  Copenhagen  Catalogue- 21  i  Schjellerup  =  Kruger  I486. 
*   Kruger  604. 
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Designation. 

Magnitud*. 

[{•marlc* 

R  Sohjellerap 
=  Kruffer76 
8  Scbjeih I 
■  Kriiger  102 

7*0 

"Full  garnet,''  J,  Herwhel  ;  red,  Sch- 

reliable  r 

jtllcrup,  1803 ;  white,  Dreycr.  1876. 

70 

Deep  rod  About  ISM) ;  white,  1st  January 

im. 

63  Schjollerup 

7*8 

Rubra,    Sehjellernp,    1868  ;    blue,    B 

=  Kniger  504 

nringham  fr&juentlv  in  1873 ;  decided 
rail,  Gould  ;  colourless,  Drcyer,  1980. 

90  Schjellerup 

7-7 

Rubra,  StniTo ;  bluish  white,  Birming- 

■ Krugcr  687 

ham,   1874  ;    orange,    Dreyer,    1879  ; 
white,  Espin,  1888. 

98  Sehjellermi 
=  Kniger  598 

9*0 

Blood   red,  Sohjellerap,    1863  ;   orange, 
Cojaland,  February  1876  ;  colourless, 
E*j»in,  10th  February  1988. 

7  Ciroini ' 

3"4-6-2 

Very  rod,    Gould,  about   1876  ;   white, 
Stanley  Williams,  1886. 

64  o  Sohjcllorup 

8-8 

Very  red,   Hind,   1848  ;   blaiih   white, 
Hind,  1850 ;  red,  Dreyer,  187»  ;  white. 

=  Kniger  513 

Eapin,  1888. 

143  Schjellerup 

8*5-9'5 

Scarlet,  Rosee,  1S61  .  dark  red,  d'Arreet, 

m  Kniger  933 

1366;  colourleaa,  Birmingham,  1874  j 
red,  intense  bands,  Duner,  1878. 

Schjellenip 
=KrUgcr  1430 

7'0 

Red,    Sehjellerup,   1863  ;  not  red,  Kir- 

rningham,  1672,  1874  ;  blue,  Birming- 

ham. 1373  ;  orange,  fluted  spectrum. 
Espio,  1889  ;    yellowish,    solar  n|iec- 

trum,  Krugor,  1892. 

r  Velorum 

5-0 

Red,    Gonld,    1870-73;    leaden    white, 
18S8,  A.  M.  Gierke  ;  alight  red  tinge, 
Tebbutt.  1891. 

222  b  Scbjellerup 

7-8 

Rod,  Lamout;  yellow,  Droycr.  Slat  July 

=  Kriiger  1612 

1875  ;    white,    Droyer,    18th  August 
1875  ;  yellow,   Espin,    1889  ;   white, 
Kriiger,  1891. 

Two  stars11  have  been 

mentioned  in  an  earlier  chapter  as 

anomalously  white,  considering  that  their  spectra  are  of  the 

fourth  type.     The  poesibih 

ty  should  not  be  overlooked  that 

their  paleness  is  only  tern 

[»rary.      They  are  perhaps  colour- 

variables,  and  will,  at  som< 

j  future  time,  show  the  ruddy  hue 

appropriate  to  the  quality  < 

>f  their  light. 

(3)   The  colour  changi 

as  of  double  stars  are  a  peculiarly 

baflling  subject  of  inquiry. 

Many  have  been   recorded   tliat 

can  safely  be  dismissed  as 

illusory;  some  that  are  unquestion- 

ably  real.      Yet  in  most 

ea&es  there  is  a  large  element  of 

doubt.       Personal    idioeyn 

urasies    come    strongly    into    play ; 

meteorological  influences,  ii 

iBtmmental  diversities,  and  all  the 

1  Binary  in  slow  motion  (Innea 

.     Composite  spectrum  (A.  J.  Cannon), 

''  S.D.M.  -10*  613  and  3.D.M. 

-10*  6057  of  eighth  and  sleuth  T-gnifadit 

respectircly. 
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chances  and  changes  of  existence  swell  the  reckoning  of  un- 
certainty. To  sny  nothing  of  ih**  i'lili'icnniimUnesBflf  language. 
Star  tints  are  often  ho  delicate  as  to  defy  verbal  definition. 
Distinctions  between  rose-pink  and  amethyst,  sea-green  and 
apple-green,  ashen,  lilac,  and  grey,  have  only  a  nominal  mean- 
ing. These  tender  shades,  moreover,  while  escaping  some  eyes 
altogether,  are  enhanced  by  others  into  vivid  contnisln;  and 
hence  observers,  expecting  to  see  star-couples  glowing  like 
fruits  of  the  Hcepcridcs,  ore  apt  to  curry  nwuy  the  impression 
that  the  subtle  coloration  actually  presented  to  them  implied 
u  marked  change.  To  separate  the  kernel  of  fact  from  the 
husk  of  opinion  or  illusion  is  then  no  easy  matter.  Yet  an 
inadequate  attempt  to  banish  confusion  is  almost  always 
better  than  none,  and  may  here  be  worth  making. 

The  more  closely  the  chromatics  of  double  Rtars  are  studied, 
tbfl  ncn  clearly  emorgofl  an  irreduciMo  minimum  of  change. 
A  satisfactory  example  is  afforded  by  one  of  the  most  carefully 
watched  binaries  in  the  heavens.  The  primary  in  70  Ophiuchi 
is  of  45,  the  satellite  of  6'5  magnitude,  and  it  is  unquestion- 
ably the  satellite  which  conspicuously  varies  in  hue.  Sir 
William  Herschel  in  \77'*  p^iv.eivwl  in  it  a  very  slight 
reddish  suffusion,  and  J.  Herschel  and  South  described  the 
pair  in  1324  as  "white  and  livid."  Yet  the  elder  Strove, 
an  incomparable  authority,  considered  their  "  yellow  and 
purple  "  tints  remarkable  enough  to  warrant  their  inclusion 
in  a  restricted  list  of  objects  showing  colore*  insignts}  and 
they  were  still  "  topaz  and  violet "  when  observed  successively 
by  Smyth  and  Webb.2  "  Gold  and  purple "  again  they 
appeared  in  July  1883  to  Perrotin  at  Nice,  although  leas 
than  a  month  previously  he  had  noted  them  "  greenish  yellow 
and  reddish  yellow,"  while  a  year  later  he  recorded  them  as 
"  golden  and  orange."  s  This  vesture  they  continue  to  wear. 
They  are  ordinary  yellowish  stars  with  an  ordinary  solar 
spectrum.  Sooner  or  later,  however,  the  companion  may  be 
expected  to  put  off  its  crocus-veil  and  shine  Tyrian-hued. 

The  stars  of  y  Delphini  are  now  finely  contrasted  in  orange 
and  green.     They  appeared,  nevertheless,  white  to   the  elder 

1  J/cttunt  Micromctri&e,  p.  luxi. 

;  InUllteiwil  Observer,  vol.  ii.  p.  138,  1S63. 

1  Annates  de  I'OUervatoirt  de  Nice*  t.  ii. 
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Herschel  in  1779  ;  white  and  yellowish  to  Herschel  and  South 
in  1824;  "reddish  yellow  and  greyish  lilac"  to  Gore  in 
1874  ; '  pale  rose  and  light  green  to  Dembowski  in  1876-77  ; 
orange  and  green  to  Flammarion  in  1877.  Moreover,  the 
companion  showed  "light  emerald "  during  the  years  1831- 
39,  but  "flushed  grey  "in  1850.  Doberck  found  it  bluish 
in  1882,  and  the  primary  yellow  ;*  Vogel  in  1883  recorded 
both  stars  as  creamy  white;  while  in  1895 — according  to  Mr. 
Franks — the  colours  were  "  very  pronounced,  the  chief  star 
being  a  strong  yellow  and  the  companion  greenish."  •  They 
are  of  fourth  and  fifth  magnitudes  respectively,  and  a  sky-gap 
of  1 1"  divides  them.  Their  mutual  revolutions  have  made 
little  sensible  progress  during  a  century  and  a  quarter,  but 
their  common  drift  through  space  certifies  their  systematic 
connection. 

The  case  of  95  Herculis  is  somewhat  perplexing*  This 
is  an  equal  pair  of  fifth -magnitude  stars,  rigidly  fixed  during 
the  last  twelve  decades  at  an  apparent  distance  of  6".  Their 
"  magnificent  tints  of  orange  and  green "  excited  Father 
Secchi's  admiration  in  1855;  and  Piazzi  Smyth  was  accus- 
tomed to  see  them  "apple  green  and  cherry  red"  until 
.Tilly  1856,  when  he  perceived  with  stupefaction,  from  his  point 
of  vantage  on  the  Peak  of  Teneriffe,  that  both  were  of  the 
undistinguished  white  attributed  to  them  by  Herschel  in 
1780.  Fitful  and  partial  displays  of  their  original  chromatic 
brilliancy  appear  to  be  vouched  for  by  Duner's  and  Flam- 
marion's '  observations  of  the  stare  as  "  bright  green  and 
yellow,"  and  "  gold  and  azure  " ;  but  their  pale  primrose  is  now 
unrelieved  by  a  shade  of  difference.  There  is  no  good  reason 
to  doubt  that,  in  the  earlier  part  of  the  century,  they  were 
marked  by  vivid  complementary  colours.  Obvious  to  Webb, 
they  were  remarked  by  Admiral  Smyth  as  an  unusual  instance 
of  diversity  in  tint  "between  components  so  nearly  equal  hi 
brightness." 

Instances  are  not  infrequent  of  the  small  star  in  pairs  of 
disparate  brightness  varying  in  colour ;    but  the  relation   || 


1   W.l.b,  Otiatiai  Object*,  lib  ml.,  p.  207;  KnmcUip.  vol.  x\\\.  )•,  WO. 

•  Adr.  Sach,  No.  WtZ. 

•  /(mm.  Brit,  Adr.  Am.  vol  r.  p.  457. 

*  Svusmortk*  Stan,  p.  I5».  •  tm  Aotim,  p.  61*0 
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never  inverted ;  no  prinmry  is  exclusively  subject  to  change  of 
tint.  The  satellite  of  S  Herculin,  a  gii-enish  star  of  the  fourth 
magnitude,  appeared  to  Struve  alternately  grape  red  and 
iLshen  white  ;  to  Demlwnvski,  blue;  to  Knott,  bluish  green  in 
1850,  ruddy  purple  iu  1871;  to  Fletcher,  in  1851,  red; 
to  Flammarion,  violet,  The  conjunction  of  theee  stars  is 
thought  to  he  merely  fortuitous.  They  are  moving  along 
divergent  etruight  lin<  nd  hence  seem  destined  to  definitive 
■patba  Yet  colour-changes  of  tike  kind  affecting  tli*- 
satellite  do  not  occur  in  isolated  objects,  and  would  rather 
imply  a  physical  connection  with  a  dominating  orb.  It 
will  than  be  of  particular  interest  to  determine  quite  certainly 
whether  £  Herculis  is  a  truly  gravitational,  or  simply  an 
optical  couple. 

The  companion  of  o"  Cygni  shows  analogous  variations. 
**  Ashen  grey"  to  Struve'e  perception  during  the  yearn  1826- 
33,  it  surprised  hiin  with  n  strong  red  glow  in  1836;  three 
yean*  later.  Dawes  found  it  blue;  Secchi,  by  turns  red,  blue, 
and  violet  in  1856-57  ;  Deiubowaki.  grey  in  1862-03  ;  Kngel- 
mann.  red  in  1865.  Of  late  its  blue  aspect  has  pr/duuiinuted  ; 
yet  Perm  tin  recorded  it  as  yellow  or  orange  with  the  great 
Nice  refractor  both  in  l&t$6  and  in  la  so.  These  stars  make 
a  very  much  closer  pair  than  8  Herculis,  and  are  in  slow 
orbital  movement 

Two  at  least  of  the  four  stare  grouped  in  a  Orionis  may 
be  admitted  to  fluctuate  in  hue.1  One  of  7*5  magnitude 
appeared  ashen  grey  in  1837,  ruddy  in  1851  and  1869, 
bluish  in  1883.  A  more  distant,  somewhat  brighter  com- 
ponent, usually  dust-coloured,  was  marked  "  grape  red "  by 
Smyth  in  1832.  Even  the  chief  star  is  not  of  the  perennial 
whiteness  that  should  match  its  helium  spectrum.  Webb 
found  it  yellow  in  1851,  and  Gould  entered  it  aa  "red"  in 
the  Argentine  Uranometry.  It  was  divided  by  Bnrnham  in 
1888  into  an  excessively  close  pair  (fourth  and  sixth  magni- 
tudes at  0*26"),  which,  already  in  1891,  gave  indications  of 
circulatory  movement.2 

The  following  is  an  enumeration  of  some  double  stars 
reputed,  on  good  grounds,  to  be  colour-variables : — 

1  W«bb,  Cti.  Object*,  toL  ii.  p.  182. 

*  Burnb*m,  Aitr.  Ntuk.  Km.  287.',,  3114. 
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[>»)£  nation. 

M*KniluJw. 

DhMMft 

Remark*. 

70  Ojihiuchi 
=  2  2272 

4*6,  6'6 

i<r 

Primary  whit*  or  yellow,  satellite 

alternately     purple,     rosy,     turf 
yellow.     Spectrum,  solar. 

7  Di'lpluui 
=2  2727 

4.  6 

ii* 

Primary  con-slip  to  oraago ;  com- 

panion   emerald    to    blue,    lilac, 
and    topaz.      Spectra,   solar   sud 
Sirian. 
Contrasted   green  and  red  to  uni- 

95  HtTculis 

5  3,  5*3 

6" 

=2  2254 

form  yt'Uow.     Spectra,  iol»r  and 
Sirian. 
Companion   br    turns    ashon,    red, 

3  Horculia 

4  0,  8*5 

26"' 

=  2  3127 

violet.     Chief  star  gives  a  helium 
spectrum. 

8Cygni 

3,  8 

1-5* 

Satellite  prey  to  red,  blue,  or  jrrean. 

=  2  2579 

Slow  binary.     Large  star  gives  a 
Sirian  spectrum. 

<r  Ononis 

4'1,  7-6,  7-0 

13",  41* 

Chief  star  white  to  reddish ;  helium 

=  2762 

spectrum.      Companions  grey  to 
ruddy.     Fixed. 

88  Geinuioruin 

ft'C,  8  0 

6-8* 

Companion    varies    in    magnitude. 

-2962 

7*8  to  10  ;  in  colour,  from  bluish 
(1829)  to  red  (1859,   1803),    aud 
arure{1872). 

7  Leroria 

4-0,  6'B 

83* 

Companion  pale  green,   1832;  gar- 
net,    1801     and     1874    (Webb). 
Chief  star  gives  a  solar  spectrum. 

Small    star    lilac,    1832,    "  aaf 

7  Scrpentis 

4 '6,  9-0 

61" 

oopittr,"  1851  (Webb). 

Colour- variability  has    hitherto  been  only  observed,  as  it 
were,  in  passing.     And  the  casual  study  of  a  subject  is  s**l> 
effectual.     Here  much  more  is  required  if  any  progress  is  to 
be    made    towards    discovering    the    laws  and    cause  of    the 
phenomenon.     What  is  essential  to  ascertain  is  the  nature  of 
the  spectroscopic  response  to  colour-change.     On  this  side  the 
problem  can  be  attacked  with  some  hope  of  getting  nearer  to 
a  solution.      If  visual  alterations  of  hue  can  satisfactorily  be 
brought  to  the  test  of  prismatic  analysis,  the  way  will    be 
thrown  open  for  an  important  gain  of  knowledge ;  while  I 
hard  to  see    by  what  other  means  ignorance  on  the  curious 
topic  wo  have  been  discussing  can  be  dissipated,      it  is  DOt 
indeed,  always  easy  to  combine  work  in  different  branches  . 
yet  the  correlation  of  results  is  a  vital  need  of  astronomy,  and 
scarcely  ever  fails  to  prove  especially  and  widely  illumiriutivt 


CHAPTER    XIV. 

THE   81'ECTRA    OF    DOUBLE    STARS. 

Thf.  spectra  of  double  stars  ataud  in  the  closest  relations  to 
their  colours.  This,  indeed,  is  alnioBt  a  truism,  since  spectra 
merely  show  in  detail  what  is  summarised  in  mixed  tints. 
Yet  the  two  forms  of  statement  are  not  tautological  The 
result  of  prismatic  analysis  cannot  be  wholly  anticijtated  tattd 
the  visual  impression.  The  eye  makes  no  attempt  to  reduce 
ita  sensations  to  their  elemouta     Totally  difFercnt  rays  may 

i.Irnded  »n.l  l>:i).*iU0td  N  ■  fed  pCOtedS  an  Mwit.ir.il  WUUf 
total  to  the  perception  of  the  optic  nerve.  Nor  would  it  be 
in  all  wises  easy  to  pronounce  upon  the  colour  of  a  star  from 
the  simple  inspection  of  its  spectrum.  One  cannot  tell  before- 
hand, so  to  speak,  how  the  eye  will  take  things.  Some 
scarcely  measurable  reinforcement  of  selective  stoppage,  a  few 
rays  of  absorption  added  or  removed,  may  make  the  difference 
between  rosy  and  golden,  or  purple  and  pink.  Thus  neither 
direct  nor  prismatic  observations  are  superfluous;  but  the 
latter,  as  affording  scientifically  accurate  and — through  photo- 
graphic means — permanent  records,  are  by  far  the  more 
important. 

The  spectra  of  double  stars  unlike  in  colour  are  usually  of 
different  types ;  and  here  a  remarkable  rule  applies.  Con- 
trasted pairs  are,  with  few  and  doubtful  exceptions,  notably 
unequal  in  brightness,  and  the  wanner  tint  invariably  belongs 
to  the  larger  component.  Blue,  green,  or  violet  stars  are 
always  the  satellites  of  red  or  yellow  primaries;  and,  in 
accordance  with  these  indications,  they  give  first-type  spectra, 
while  their  brighter  and  more  ruddy  neighbours  show  Antarian 
flutings  or  solar  lines.     We  are  thus  led  to  the  unexpected 

26* 
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conclusion  that,  of  two  globes  simultaneously  contracting,  the 
larger,  which  should  naturally  cool  more  gradually,  and  there- 
lore  run  through  its  evolutionary  stages  at  a  more  leisurely 
pace,  attains  solar  standing  while  it?  companion  still  remains 
a  "  white  star."  This  relation  is  the  very  crux  of  cosmic 
growth-theories;  something  more  will  be  said  about  it  in  the 
next  chapter. 

The  separate  spectral  examination  of  coupled  stars  is  far 
from  easy,  and  has  indeed  rarely  been  attempted.  Only  by 
Sir  William  and  Lady  Huggius  has  the  subject  been  prose- 
cuted systematically  and  with  success.  Their  application  to 
it  of  photography,  rendered  possible  by  the  completion,  in 
1897,  of  an  ingeniously  devised  reflecting  slit,  constituted  in 
itself  an  immense  advance.  Previously,  only  the  superposed 
spectra  of  double  stars  had  been  chemically  recorded,  and 
these,  for  discriminatory  purposes,  were  of  no  more  than  pro- 
visional use.  One  coloured  pair,  however,  presents  less  difficulty 
in  this  respect  than  the  rest.  The  components  of  0  Cygni 
liefcfar  enough  apart  to  give  distinct  spectrograph ic  images, 
formed  by  an  objective  prism,  on  the  Draper  Memorial  plates.1 
Specially  inviting  as  well  to  direct  scrutiny,  they  urn-  among 
the  earliest  objects  subjected  to  Sir  William  Huggins's  light- 
analysis. 

The  pair  consists  of  a  third-magnitude  "  topaz  "  star  and 
a  fifth-magnitude  "sapphire"  at  34".  The  unaltered  value  of 
this  interval  since  Bradley's  measurement  of  it  in  1755 
almost  assures  us  that  they  drift  together  through  space 
under  the  stress  of  a  physical  bond.  For  their  proper  motion, 
though  very  small,  would  have  sufficed,  in  the  course  of  a 
century  and  a  half,  to  produce  unmistakable  relative  displace- 
ment. Blue  stars,  besides,  are  never  solitary;  and  the  com- 
panionship upon  which  their  uncommon  hue  depends  must 
evidently  be  real,  not  simply  optical.  Plate  IX.  Fig.  iv.  shows 
the  spectra  of  these  stars  as  photographed  by  Sir  William 
and  Lady  Hugging. 

Their  complete  diversity  is  apparent  at  a  glance.*  The 
hydrogen  series  is  writ  large  and  strong  on  that  of  the  minor 
luminary;  helium  absorption  is  not  apparent;  the  Sirion  type 

1  A.  C.  M»ury,  JJarvrd  AiuutU,  vol.  MMttiL  pp.  93,  W. 
■  The  Otorvators,  voL  uiii.  p.  387. 
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it  pronounced.  Of  solar  quality,  no  low  decidedly,  is  the 
golden  light  of  the  primary.  Yet  it  cannot  escape  notice 
that  the  photographed  spectra  do  not  explain  the  vivid  colour- 
ing of  8  Cygni ;  they  might  have  been  taken  (speaking  broadly) 
from  any  two  Btars  of  the  types  represented.  This,  indeed, 
was  just  what  should  have  been  expected,  since  the  *j**oial 
■  i liMirpt.iou  differentiating  them  from  the  common  run  of  stars 
wan  known  to  lie  outside  the  range  of  sensitiveness  of  ordinary 
plaUift.  Ah  regard*  the  blue  tncmW  of  the  pair,  at  any  rate, 
there  could  Imj  no  doubt  of  the  fact.  A  set  of  dark  bands, 
cutting  out  a  goodly  proportion  of  its  yellow  and  orange  rays, 
were  observed  by  Sir  William  Muggins  in  18G4,1  and  again 
by  Dr.  Vogcl  in  I872,snnd  they  correspond  with,  and  fully 
explain,  its  chromatic  ptxniliarity.  Tho  tojwiz  hue  of  the 
primary  cannot  be  bo  directly  associated  with  the  subtraction 
of  particular  qualities  of  light ;  it  is  more  probably  due  to 
an  enhancement  of  that  veiling  of  the  higher  s]»ectral 
reaches  to  which  sunshine  owes  its  primrose  tinge.  Further 
investigation  is,  however,  desirable ;  above  all,  the  photographic 
registration  on  isochromatic  plates  of  the  unfamiliar  absorp- 
tion-bands from  which  the  companion  of  p  Cygni  derives  its 
distinction  as  an  a/.ure  star. 

The  theory  of  "  composite  stellar  spectra "  was  proposed 
by  Professor  Pickering  in  1891.*  Spectrographic  impressions 
showing  a  mixture  of  types  should,  he  explained,  result  from 
the  superposition  of  dissimilar  spectra  derived  from  close  or 
telescopically  indivisible  stars.  The  forecast  was  verified  by 
Miss  Maury's  detection  of  eighteen  self-imprinted  images  of  the 
compound  sort.4  "  In  spectra  of  this  class,"  she  writes,  "  the 
K-line  appears  either  unduly  narrow  or  overspread  with  a 
peculiar  haziness.  This  appears  to  be  due  to  the  presence  of 
an  additional  star,  having  a  spectrum  which  belongs  to  some 
group  earlier  in  the  series.  It  is  also  significant  that  in  such 
spectra  the  first-type  characteristics  predominate  in  the  ultra- 
violet, the  second  or  third-type  features  in  the  green  and  blue." 
These  duplex  effects  demonstrably  own,  in  certain  of  the 
instances  enumerated,  a  duplex  cause ;  for  they  include 
7  Andromedie,  e  Bootis,  and  a  Piscium,  all  three  remarkable 

1  Phil.  Trans,  vol.  clir.  p.  431.  '  Botkkamp  Htob.  Haft  |L  p.  38. 

1  Astr,  .Vack.  No.  3034.  *  Harvard  Annals,  t*L  uvttL  p.  »3. 
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pairs.  The  presumption  is  accordingly  strong  that  spectra 
appearing  hybrid  in  small-scale  delineations  really  emanate 
from  a  double  source,  although  visual  evidence  of  duplicity  l>e 
wanting.  Indeed,  several  of  Miss  Maury's  crypto-dovblts, 
o  Lconis,  o  AndromcdtD,  and  a  Equulei  among  the  number, 
have  been  spectroscopicaliy  resolved  by  Professor  Campbell 
into  unlike  pairs.  And  even  should  the  motion- test  fail, 
it  need  not  be  inferred  that  the  star  recalcitrant  to  it  is 
single ;  for  a  negative  result  may  signify  merely  that  the 
method  is  inapplicable  owing  to  the  high  inclination  of  the 
plane  in  which  coupled  stars  revolve. 

One  of  the  show-objects  of  the  heavens  is  7  Andromeda*, 
composed  of  a  chrome-yellow  star  of  22  magnitude,  and  a 
sea-green  fifth-magnitude  attendant  at  11".  The  attendant 
itself  can  be  divided  with  a  good  telescope  into  a  blue  and  a 
green  star,  considerably  advanced  along  an  elliptic  track 
since  their  first  observation  by  Otto  Struve  in  1842;  while 
the  wide  pair,  discovered  by  Christian  Mayer  in  1777,  remains 
relatively  fixed,  although  their  systematic  union  is  attested  by 
an  identical  secular  progress  of  about  7".  Their  spectra,  photo- 
graphed at  Tulse  Hill,  closely  resemble  those  of  the  components 
of  £  Cygni,  the  different  patterns  of  absorption  stamped  on 
them  forming  almost  as  striking  a  contrast  in  the  negatives 
as  the  colours  of  the  original  objects  do  in  the  sky.  A  similar 
combination  is  offered  by  e  Bootis,  but  on  a  reduced  scale. 
The  ultramarine  satellite  is  here  poised  at  a  distance  of  only  3* 
from  its  golden  primary.  Their  spectra  have,  indeed,  been  no 
more  than  inferentially  distinguished.  Miss  Maury's  scrutiny 
of  the  joint  impression  left  by  them  upon  the  Harvard  plates 
made  it,  however,  fairly  certain  that,  as  usual,  the  blue  star 
is  of  Sirian,  the  yellow  star  of  Bolar  quality;  so  that  a 
relation  of  development  is  again  indicated  just  the  converse 
of  that  held,  on  A  priori  grounds,  to  be  probable. 

The  theoretical  incongruity  is,  in  some  cases,  heightened 
by  the  substitution  for  the  sun-like  primary  of  a  red  star 
giving  a  fluted  spectrum.  Such  a  pair  is  a  Herculis.  An 
"emerald"  star  of  the  sixth  magnitude,  at  a  distance  of  5* 
from  its  glowing  leader-orb,  yielded  to  Sir  William  Huggina'a 
early  examination  a  spectrum  of  precisely  the  same  character 
as  that  of  the  satellite  to  0  Cygni      An  tares,  too,  is  quite 
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similarly  coupled  with  a  green  star,  the  spectrum  of  which, 
judging  by  the  duplex  impressions  obtained  at  Harvard 
College,  resembles  that  of  Sirius,  with,  it  may  lie,  some  ap- 
proximation to  that  of  Procyon.1 

Mr.  Burnham  performed  in  1 88 1  the  unprecedented  feat 
of  dividing  a  third-type  star  into  a  very  close  pair.  He  detected 
a  satellite  of  the  ninth  magnitude  situated  within  just  one 
second  of  arc  of  17  Geminorum,  a  fine  red  star,  variable  in  a 
period  of  229  day*,  although  its  maxima  ore  unmarked  l»y 
any  signs  of  gaseous  emission,  doubtless  because  of  the  com- 
paratively slight  extent  of  the  light-change.  The  spectrum 
of  the  email  star  cannot,  of  course,  be  directly  observe*!,  bttf 
its  nature  may  be  indicated  by  colour-observations.  Should  a 
glint  of  blue  or  green  bo  caught  under  favourable  circum- 
stancea,  the  inference  that  it  proceeds  from  a  source  of  fcbo 
Sirion  quality  can  bo  unhesitatingly  drown.  A  particular 
interest  attaches  to  17  Geininorum  as  the  only  Antarian  star 
with  a  companion  likely  to  prove  sensibly  mobile  within  a 
KMtoiuihle  lapse  of  time 

The  spectra  of  double  stars  that  are  unstable  in  1 
have  an  importance  both  evidential  and  explanatory.  They 
illustrate  and  tend  to  expound  chromatic  phenomena.  The 
diversity  in  light-quality  of  95  Herculis  is  then  of  extreme 
significance.  These  stars,  as  our  readers  will  remember,  are 
now  perfectly  matched.  They  are  of  equal  brightness,  and  of 
the  same  yellow  shade.  But  half  a  century  ago  they  displayed 
brilliant  complementary  radiance  in  red  and  green.  And 
their  spectra  correspond,  not  to  their  present  uniformity,  but 
to  their  historic  contrast.  Vogel  in  1899  recorded  for  one 
component — presumably  the  star  formerly  green — a  Sirian, 
for  its  twin  a  solar  spectrum.  Additional  weight  is  thus  lent 
to  the  old  observations ;  and  a  hint,  not  to  be  neglected, 
is  given  as  to  the  probability  of  future  change. 

It  is  less  surprising  to  meet  with  spectral  dissimilarity  in 
the  components  of  7  Delphini.  For  they  differ  in  magnitude, 
and  very  markedly  in  colour,  notwithstanding  past  intervals  of 
agreement.  And  it  was  just  during  one  of  their  periods  of 
agreement,  in  1883,  that  Vogel  found  the  larger  star  to  be  of 
solar  type,  while  its  companion,  now  green,  but  then  colourless, 

1  A.  C  Maury,  Harvanl  Anr.aU,  vol.  irriii.  pp.  92,  100. 
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gave  a  Sirian  spectrum.  Here  again,  as  in  95  Herculis, 
spectral  distinctions  seem  to  persist  while  chromatic  dis- 
tinctions are  alternately  effaced  and  restored. 

A  good  many  yellow  stars  have  purplish  attendants  of 
dubious  spectroscopic  standing.  Their  quality  remains  un- 
tried, and  is  difficult  to  conjecture.  One  of  the  best  examples 
is  17  Cassiopeia:,  a  revolving  pair  consisting  of  a  3*5  and  h  7  5 
star  5"  apart.  The  primary  emits  goldou  light  marked  with 
the  soIat  stamp  of  absorption  ;  its  satellite  has  been  variously 
described  as  violet,  rosy,  and  garnet.  These  notes  of  colour, 
indeed,  supply  no  hint  as  to  the  nature  of  the  corresponding 
spectrum ;  but  some  indication  that  it  is  more  "  advanced  " 
than  that  of  the  large  star  may  be  gathered  from  the  uiass- 
relations  of  the  pair.  Their  gravitational  disparity,  as 
determined  by  Otto  Struve,  is  3*7  to  1,  while  their  light 
disparity  is  40  to  1.  In  other  words,  the  satellite  is  ne.uly 
seventeen  times  less  luminous  than  it  would  be  if  of  the 
-Miii*  ni'Mi:  density  with  ita  j.rini.try.  ;tn<I  ofeqilfi]  msJ  LoBM 
In  reality  it  is  probably  both  more  compressed  and  less 
brilliant.  But  these  properties  belong  to  a  comparatively 
late  stage  of  growth,  and  should  be  associated  with  a  strongly 
absorptive  atmosphere.  The  precise  type  of  absorption 
characterising  dependent  stars  of  a  violet  hue  it  would  be 
rash  to  predict,  but  it  is  very  desirable  to  ascertain. 

A  pair  closely  resembling  tj  Cassiopeia*  is  f  Bootia.  Again 
in  this  case  a  yellow  primary  of  solar  type  lias  a  rose- 
purple  attendant  actively  circulating  round  it.  With  it  may 
be  classed  a  couple  in  Pisces  (2  3036),  coloured  "  very  little 
yellow  and  dusky  red,"  !  and  probably  ff  Cephei,  composed  of 
a  sulphur- tinted  helium  star  of  34  magnitude,9  and  an 
eighth-magnitude  violet  attendant  at  14". 

The  great  majority  of  double  stars  present,  however,  the 
same  or  similar  tints;  they  arc  white  and  creamy,  or  sulphur- 
coloured  and  golden,  and  the  spectra  derived  from  them 
accord  entirely  with  these  indieationa  They  are  almost 
always  variants  of  one  type.  But  the  rule  observed  in  con- 
trasted pairs  that  the  smaller  is  the  earlier  star  in  here  in- 
verted.    The  subordinate  memWrs  of  systems  undistinguished 

'  Latwjworth.  JSM,  Lmmbr  JP&mid-  Ob$ervatory,  rol.  i.  pt  it.  p.  M. 
*  A.  C.  M»ury,  Uarvant  A%n*l*.  vol.   ixviii.  M  17.  1)9. 
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for  colour  often  show  signs  of  having  progressed  further  on 
the  road  lowurd*  extinction  thun  the  lurgi.-r  arte  This 
principle  w  finely  illustrated  by  the  grand  southern  binary,  a 
Ccntauri.  Now  those  stars  arc  almost  exactly  equal  in  raaaa, 
yet  one  given  only  a  quarter  of  the  other's  light.  It  in  also 
more  deeply  tinted  with  yellow;  we  may,  indeed,  nbtj  inter 
th.il  it  ir*  dimmer  mainly  Itocauee  of  the  additional  absorption 
to  which  its  colour  teetiuea  The  spectra  of  the  pair, 
splendidly  delineated  in  Sir  David  Gill's  photographs,  are 
both  of  the  solar  class,  but  witli  a  difference. 

That  of  the  brilliant  component  is  an  exact  copy  of  the 
Fraunhofer  spectrum  (sec  Plate  X.  Fig.  2),  while  that  of  tin- 
inferior  star  might  bo  called  post-Arcturian,  manifesting  tracea 
of  affinity  with  the  ffuted  type  of  Itettilgeux.1  The  spectral 
relations  of  a  Ontauri  doubtless  prevail  in  many  other 
systems,  but  they  do  not  arise  inevitably,  even  under  quite 
similar  conditions.  Thus  the  unequal  stars  of  7  Leonis  give 
virtually  identical  spectra  of  the  Arcturian  or  post-Arcturian 
■!.:•!).-  ."■'  ;m«]  iln-  rqual  -\n>  <>l  y  Virgin  is,  tlnmgh  "I  Sirian 
type,  are  unmarked  by  the  smallest  difference  in  the  mode  of 
absorption.  It  would  then  appear  that,  while  two  globes 
cast,  as  it  were,  in  the  same  mould,  like  those  united  in  a 
Centauri  and  7  Virginia,  frequently  proceed  pari  passu  along 
the  life-course  of  suns,  one  may  outrun  the  other  under  the 
influence  of  unknown  circumstances.  Couples  unassorted  in 
size  comport  themselves  differently  ;  but  here,  too,  allowance 
has  to  be  made  for  original  diversities  of  constitution,  or 
supervening  incidents  of  development. 

To  resume.  The  colours  of  double  stars  afford  preliminary 
indications  as  to  the  nature  of  their  spectra,  but  cannot,  in  all 
cases,  be  interpreted  with  much  confidence.  Blue  and  green 
stars  are,  as  a  nearly  invariable  rule,  the  satellites  of  red  or 
yellow  primaries.  They  belong  to  the  Sirian  type,  modified, 
probably,  by  special  absorption  serving  to  lend  predominance 
to  the  more  refrangible  rays,  and  so  produce  their  unusual 
tints.  "  Purple  "  attendant  stars  have  also  been  observed  ;  the 
quality   of  light,   however,  corresponding  to  this  designation 


1  Pickering,  A*troph.  Journ.  vol.  tu  p.  3M. 

"  HuggiM,  Atlas  of  Spectra,  \:  164,  pUte  xii.  ;  Brlojiolsky,  Attr.  jVocA.  No. 
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remains  unknown.  It  may  prove  to  be  stamped  with  strong 
absorption,  such  as  would  be  symptomatic  of  advanced  con- 
densation ;  and  if  eo,  purplish  or  violet  satellites  ore  a  radically 
distinct  class  of  bodies  from  azure  stars;  for  they  might  be 
inferred  to  bo  proportionately  more  massive  and  less  luminous 
than  their  primaries,  while  the  inverse  relation  doubtless  holds 
good  in  gold  and  green  as  well  as  in  topaz  and  turquoise 
combinations.  Stellar  pairs  of  equal  magnitudes  are,  with 
the  rarest  exceptions,  alike  in  colour  and  spectrum.  They  are 
primrose -tinted — scarcely  ever  pure  white — and  of  solar  or 
Sirian  type. 

The  spectra  of  couples  no  more  than  two  seconds  apart 
can  be  separately  photographed  with  the  Tulse  Hill  apparatus; 
and  indications  of  duplicity  are  often  obtained  from  the 
composite  nature  of  the  spectral  impressions  given  by  ap- 
parently single  stars.  Only  dissimilar  components,  however, 
are  capable  of  being  thug  distinguished ;  superposed  spectra 
disclose  themselves  as  such  by  their  differences,  among  which 
opposite  motion  -  displacements  are  occasionally  met  with. 
The  discrimination  of  mixed  qualities  of  light  in  single 
spectrographic  records  is  a  branch  of  research  promising 
further  developments. 


CHAPTER    XV. 

THB    EVOLUTION    OF   THE   STARS. 

THE  suns  of  space  are  subject  to  the  nc  transit  of  mortality 
The  time  lias  been  when  they  were  not,  and  in  the  lime  to 
come  they  will  surely  cease  to  be.  The  "  incorruptibility  oi 
the  heaven*"  is  no  longer  u  postulate  of  science;  it  has  bam 
in  a  measure  8uj>erseded  by  the  still  more  antique  notion  of 
the  "  perpetual  flux  "  of  tilings.  Creation  ia  a  process  ;  it  has 
u  history ;  and  the  records  of  ite  history  are  not  wholly 
illegible  to  science. 

Those  inscribed  in  the  heavens  more  particularly  invite 
attempts  at  decipherment.      Inquiries  into  the  physical  con- 

otitutiuii  of    the  otaro  inevitably   lead     bu     fchciu,  naj,   uiaeuaibly 

merge  into  them.  In  the  celestial  regions,  more  than  else- 
where, we  are  impelled  to  read  the  past  and  future  between 
the  lines  of  the  present.  There,  by  a  wonderful  course  of 
development,  the  designs  of  the  Maker  are  being  unfolded, 
but  with  such  majestic  leisureliness  that  each  step  represents 
the  lapse  of  millions  of  years.  To  trace  even  its  broad 
features  is,  then,  a  task  to  be  undertaken  only  with  extreme 
diffidence ;  yet  some  few  safe  principles  are  available,  guided 
by  which  we  hope  not  to  wander  far  from  the  truth. 

Long  ago  it  became  evident  to  observation  that  nebulas 
were  the  matrices  of  stars.  Stars  visibly  nebulous  are  then 
in  the  earliest  stage  of  growth.  So  much,  at  any  rate,  may 
be  assumed  without  sensible  risk  of  error.  Again,  radiating 
globes  necessarily  condense  with  the  efflux  of  time.  As  heat, 
the  source  of  their  expansive  vigour,  is  dissipated,  their 
particles  succumb  to  gravity,  which  suffers  no  waste.  They 
contract ;  the  same  quantity  of  matter  occupies  in  them  a 

371 


272 


PROBLEMS  IN   ASTROPHYSICS 


continually  diminishing  space,  and  acquires  a  proportionately 
more  substantial  consistence. 

The  application  nf  these  tests  gives  a  concordant  result. 
Both  point  to  helium  stars  as  being  at  the  start  of  the 
cosmical  procession.  They  have  often  nebulous  appurtenances  ; 
they  congregate  in  nebulous  regions ;  they  show  with 
nebulie  spectral  relationships  of  a  subordinate,  but  significant 
kind  Their  mean  density,  moreover,  is  known  to  be  ex- 
tremely small.  The  conditions  of  their  eclipses,  where  they 
form  occulting  couples,  gives  the  means  of  assigning  to  it  a 
fairly  definite  value ;  and  it  appears  to  be  about  one-seventh 
that  of  the  sun.  This  result  is,  of  course,  only  preliminary, 
and  cannot  legitimately  be  generalised  It  serves,  however, 
to  confirm  what  evidence  of  a  different  kind  more  vaguely 
indicates. 

Helium  stars  arc,  then,  the  most  primitive  class  of  suns; 
and  the  point  of  outset  being  once  established,  the  advance 
takes  a  prescribed  and  inevitable  line.  We  have  seen  that 
helium  stars  pass  by  the  finest  gradations  into  Sirian,  Sirian 
into  solar  stars,  and  these  again  into  stars  giving  fluted 
spectra.  So  far  there  is  no  breach  of  continuity.  Individual 
varieties  must  unquestionably  arise,  vurieties  due  to  minor 
diversities  of  chemical  constitution,  to  systemic  conditions,  to 
physical  influences  exerted,  possibly,  in  certain  tracts  of  space , 
bnl  the  great  wave  of  change  sweeps  on  independently  of 
these  ripples  on  its  surface. 

The  order  of  succession  of  the  four  chief  stellar  families 
leaves,  accordingly,  little  room  for  doubt.  Our  next  inquiry 
relates  to  the  causes  of  their  progressive  transformation.  We 
know  of  two  which  must  be  operative — dissipation  of  heat 
and  augmentation  of  gravity.  The  function  of  a  sun  is  to 
dispense  energy ;  its  distinctive  organ,  the  photosphere,  is 
precisely  an  apparatus  for  discharging  this  function  rapidly 
and  effectively ;  every  year  of  a  star's  radiation  involves,  then 
a  corresponding  subtraction  from  its  not  unlimited  thermal 
store.  Yet  this  is  not  necessarily  accompanied  by  a  fall  in 
temperature.  Gaseous  bodies,  on  the  contrary,  grow  hotter 
as  they  cooL  This  seeming  paradox  was  enunciated  by 
Homer  Lane  of  Washington  iu  1870.  It  is  now  a  univers- 
ally admitted   principle  of  science.     What  is  signified  by  it 


THE  EVOLUTION  OF  THE  STARS  27  S 

is  that  the  contraction  of  masses  in  the  gaseous  state  more 
than  supplies  their  loaa  of  heat  by  radiation.  It  oeasea  to 
apply  when  liquefaction  sets  in,  but  we  an  entirely  unabk* 
to  fix  the  stage  of  evolution  at  which  thin  point  is  reached. 
Wu  ore  only  certain  that  the  youngeat  (stars,  being  unquestion- 
ably gaseous  to  the  core,  are  rising  in  temperature ;  their 
acme  is  still  to  come. 

But  average  temperature  is  not  the  same  thing  as  surface 
temperature.  The  former,  in  two  radiating  gloltes,  may  be 
the  same,  while  the  latter  is  very  different.  For  it  depends 
essentially  upon  the  rapidity  with  which  heat  can  be  con- 
voyed outward  and  upward,  and  this  again  is  prescribed  by 
interior  conditions  varying  with  mass,  density,  and  radiative 
facilities.  Now  Line's  law  has  to  do  only  with  average 
temperature,  while  spectral  indications  relate  to  purely  super- 
ficial heat -conditions.  If  wo  con  learn  something  definite 
even  us  to  these  it  will  be  much  ;  but  at  present  the  utmost 
uncertainty  prevails  as  to  how  the  recorded  facts  should  be 
interpreted.  It  seems  indeed  pretty  clear,  from  the  frequent 
occurrence  of  "  enhanced  "  lines  in  the  spectra  of  white  stars, 
both  of  the  Orion  and  the  Sirian  kinds,  that  the  state  of 
tbings  in  their  reversing  strata  approximates  to  that  in  the 
electric  spark,  while  vapours  glowing  in  the  arc  represent 
better  the  layers  absorbing  sunbeams  and  the  rays  of  Antaran 
stars.  But  in  regard  to  the  essential  nature  of  the  difference, 
authorities  are  not  unanimous.  According  to  Sir  Norman 
Lockyer,  Dr.  Scheiner,  and  others,  temperature  alone  is  con- 
cerned ;  the  spark  is  hotter  than  the  arc  Intense  molecular 
excitement,  due  to  the  disruptive  discharge,  gives  rise  to  altered 
modes  of  vibration,  betrayed  by  substitutions  of  new  spectral 
lines  for  those  previously  visible;  and  these  substitutions, 
reiterated  in  the  stars,  tell  emphatically  of  their  enormous 
temperatures.  On  the  other  hand,  Sir  William  and  Lady 
Huggins  relegate  temperature  to  a  position  of  secondary  im- 
portance, and  count  density  the  main  factor  in  spectral 
change,  their  contention  being  supported  by  impressive  ex- 
perimental arguments.  Their  photographs,  too,  show  some 
unexpected  signs  of  superior  strength  of  ultra-violet  radiation 
in  solar  as  compared  with  white  stars  ;  and  this,  if  sub- 
stantiated, would  assuredly  imply   their   higher   temperature. 

18 
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For  the  radiative  centre  of  gravity  shifts  upward  with  increase 
of  heat,  a  relation  familiarly  illustrated  by  the  whitening  of 
red-hot  iron  before  the  melting-point  is  reached. 

All  of  which  is  exceedingly  perplexing;  and  there  is 
more  behind.  Gravity  is  of  potent  influence  in  determining 
temperature.  The  physical  condition  of  bodies  cannot  be 
compared  without  reference  to  the  scale  of  their  construction, 
and  their  spectra  vary  to  correspond.  A  score  of  years 
ago  Ritter  enunciated  the  theorem  that  "  the  surface  tempera- 
tures of  two  stars  of  equal  densities  are  to  each  other  nearly 
as  the  square  roots  of  their  masses."  *  And  Professor  Perry 
reached  quite  lately  the  analogous  conclusion  that  the 
temperature  of  a  star  varies  as  the  product  of  its  age  and 
mass  so  long  as  it  behaves  after  the  manner  of  a  body  gaseous 
throughout.3  Further,  the  superficial  heat  of  stars  obviously 
depends  upon  the  activity  of  convection -currents  in  their 
interiors,  and  these  of  course  slacken  as  viscosity  increases. 
This  adds  greatly  to  the  complexity  of  the  problem,  since 
the  transcendental  temperature  and  pressure  reigning  in  the 
depth  of  stellar  globes  must  affect  in  unforeseen  ways  the 
viscosity  of  the  materials  placed  under  circumstances  outside 
experience. 

Clearly,  then,  the  stars  can  be  arranged  in  order  of 
temperature  only  with  hesitation  and  tentatively.  If  we 
might  accept  Ritter's  inference  that  the  sun's  radiating  layer 
was  never  in  the  past,  and  can  never  be  in  the  future,  at  a 
much  higher  temperature  than  that  now  belonging  to  it, 
some  difficulties  would  be  removed.  For  it  involves  the  con- 
sequences that  the  solar  type  of  spectrum  marks  the  culminat- 
ing point  of  superficial  heat,  and  that  no  star  can  be  hotter 
than  the  sun  unless  it  contains  a  larger  quantity  of  matter  ; 
and  these,  if  valid,  would  provide  solid  ground  for  classifica- 
tion. But  they  are  highly  disputable,  and  we  can  only 
conclude  that  it  is  safest  not  to  dogmatise  about  relative 
stellar  temperatures. 

Sir  William  and  Lady  Huggins  regard  as  of  primary 
importance  in  the  development  of  stars  the  gain  of  surface- 
gravity  which  inevitably  accompanies  their  contraction.  Tbey 
are  unquestionably  right.     Atmospheric  pressure  varies  with 

1  AtirxfK  Jottm.  toL  riii.  p.  307.  ■  Natvrt,  vol.  U.  p.  2«. 
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gravity,  and  the  spectral  characteristics  of  incandescent  vapours 
are  affected  to  an  incalculable  degree  by  their  density.  Every 
addition  to  gravitational  power,  moreover,  serves  to  quicken 
atmospheric  circulation.  The  tendency  to  sorting  out  by  the 
formation  of  concentric  shells  of  substances  differing  in 
atomic  weight,  is  overborne  by  the  uprushing  of  convoction- 
currenta.  The  strata  become  mixed,  and  the  hcat-gnuli.nl 
become*  steep.  These  atmospheric  modifications  are  reason* 
ably  numbered  among  the  concurrent  causes  of  develop- 
ment from  the  Sirian  to  the  solar  spectra]  type.  They  most, 
at  any  rate,  be  concomitants  of  stellar  condensation,  unless 
the  path  of  progress  is  deflected  by  unknown  agencies. 
It  is  well  to  remember  that  electromagnetic  forces  play  a 
part  in  coernical  evolution — a  part  deprived  of  none  of  it* 
importance  by  our  inability  to  define  its  nature.  We  can 
only  see  that  they  may  not  lie  excluded,  and  await  pntiently 
the  outcome  of  future  research. 

All  this  refers  to  the  individual  history  of  cooling  globes. 
How.  we  may  ask,  does  it  apply  to  the  relative  histories  of 
various  globes  differing  very  greatly  in  maw  t  The  customary 
answer  is  that  massiveness  retards  development.  That  it 
retards  cooling  is  quite  certain,  since  the  larger  of  two 
unequal  spheres  has,  relatively,  the  smaller  radiating  surface. 
Hence  the  old  view  that  change  of  temperature  and  spectrum 
proceeds  evenly  together  had  as  a  corollary  that  the  quicker 
pace  belonged  to  the  lesser  star.  Spectra  of  the  Orion  and 
Sirian  patterns  should,  accordingly,  distinguish  orbs  on  the 
whole  of  far  more  imposing  proportions  than  those  giving 
light  of  the  solar  and  Antarian  qualities.  Just  the  reverse, 
however,  appears  to  be  the  case.  All  practicable  modes  of 
comparison  agree  to  indicate  that  the  "  mean  "  solar  star  sends 
out  a  larger  sum-total  of  light  from  a  considerably  smaller 
luminous  surface  than  the  "  mean "  Sirian  star.1  The  solar 
star  is,  moreover,  the  denser  body,  and  therefore  the  more 
massive  in  a  ratio  very  much  beyond  that  of  its  superiority  in 
luminous  power. 

But  the  most  cogent  proof  that  giant  suns  develop  quickly 
is  derived  from  the  spectra  of  double  stars.  The  members  of 
binary  systems   may  fairly  be  regarded  as  contemporaneous. 

1  Maunder,  Kncwltdgt,  vol.  zIt.  p.  78. 
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Th.-ir  origin  was  in  common;  their  destinies  are  indissoluble 
they  are  identically  circumstanced;  they  must  be  similarly 
composed.  They  should  then  be  exceptionally  trustworthy 
guides  to  the  unravchnent  of  evolutionary  time-relations. 
Now  they  inform  us,  in  distinct  terms,  that  in  contrasted 
pairs  the  earlier  type  of  spectrum  characterises  the  minor  body. 
The  primary  being  solar  or  Antarian,  the  satellite  is  of  the 
Sirian  class.  Further,  the  inequality  of  mass  in  such  cases 
is  certainly  greater  than  tho  inequality  of  light.  The  small 
blue  star  is  more  tenuous  than  the  reddish  luminary  it 
attends.  These  phenomena  enforce  the  conclusion  —  the 
inverse  of  Ritter's — that  stars  of  the  first  type  are  greatly 
less  massive  than  coeval  stars  of  the  second. 

Here  resides  the  crux  of  the  evolutionary  problem.  We 
have  no  choice  but  to  believe  that  the  four  ages  of  stellar  life 
succeed  each  other  with  relative  promptitude  in  globes  built  on 
a  great  scale.  But  what  looks  like  an  insurmountable  diffi- 
culty may,  on  closer  inspection,  prove  a  most  valuable  help 
towards  the  establishment  of  sound  doctrine.  Sir  William  and 
Lady  Huggins  threw  out  the  suggestion  in  1897  !  that  "the 
effect  of  great  mass  on  surface  density,  together  with  the  work- 
ing of  Lane's  law,  will  favour  the  coming  in  of  a  solar  type  of 
spectrum  at  a  somewhat  earlier  relutive  time."  They  indeed 
finally  rejected  the  idea;3  yet  it  is  strongly  confirmatory  ofl 
their  own  views  as  to  the  importance  of  the  gravitational 
factor  in  the  unfolding  of  stellar  life-history.  Rapid  atmo- 
spheric circulation,  indispensable,  as  they  hold,  to  the  production 
of  a  solar  spectrum,  would  l>e  set  up  earlier  in  heavy  than  in 
liykt  globes ;  and  the  requisite  adjustment  between  temperature 
and  pressure  should  be  similarly  anticipated.  That  this  is 
what  really  happens,  we  are  assured  by  the  prismatic  observa- 
tion of  jewel-tinted  star  couples. 

It  does  not,  however,  follow  that  large  stars  are  short- 
lived. The  explanation  of  the  facts  just  offered  involves  no 
such  paradox.  For  it  is  amply  possible  that  the  lesser  order 
of  stars  may  not  survive  to  reach  the  Antarian  stage.  They 
may  perish  on  the  way.  Extinction  perhaps  overtakes  them 
while  still  in  mid-career.  They  may  lapse  into  the  ranks  of 
"  dark  stars "  before  time  has  been  allowed   them  to  put  on 

1  AUropk.  Jo*r*.  rol.  ri.  p.  32*.  •  AUom  a/  Sprtra.  p.  ISO. 
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iiny  recognisable  hadge  of  decadence.  If  this  be  so,  stain  with 
fluted  npect.ni  im-  tin-  outcome  of  a  kind  of  natural  selection. 
They  are  bodies  endowed  with  sufficient  heat  to  keep  bbttfl 
luminous  to  tho  cud,  while  others,  having  squandered  less 
ample  supplies  hy  quicker  cooling,  sink  prematurely  into 
invisibility.  This  is  no  idle  speculation.  The  sidereal  system 
is  known  to  include  countless  mm-luininoim  global,  the  origin 
of  which  is  largely  enigmatical.  Their  obscurity,  most  likely, 
dates  from  various  epochs  in  stellar  life.  And  the  smallest 
i!  i--.-  .linubl,  uihI.t  -iiiiln  <ic:  uin-r.  IBSJ|  i  BUI  tir-t  from 
nun-like  existence. 

So  far,  nrcomit  has  been  taken  of  only  four  stellar  families, 
selected  as  the  basis  of  the  evolutionary  argument  because  their 
mutual  relations  seem  unmistakable.  Helium  stars  are  tibi 
direct  progeny  of  nebula'.  The  fonnation  of  a  photosphere 
definitely  marks  the  transition.  By  the  gradual  eftkeement  of 
"  Orion  "  lines  they  merge  into  hydrogen  suns,  these,  through 

!(»>■    <Tr-   ;.|!|.'    It,!,:    |   l,.|i,u„   .„,       BJ      H  l  ll  ll!  ll>  I M  1 1 1     BttttUk     .lt'-'I|- 

tion  rays,  into  solar  urbs,  which  finally  paw,  by  successive 
minuto  changes,  into  the  fluted  stage.  But  what,  we  cannot 
refrain  from  asking  ourselves,  lira  taynnd  ?  Through  what 
phases  of  decline  do  great  red  stars  of  the  Antarian  order  sub- 
side into  extinction  ?  No  confident  pronouncement  on  the 
subject  is  possible,  but  the  conjecture  may  be  hazarded  that 
a  stadium  of  variability  precedes  the  end.  Periodic  light- 
spasms  perhaps  indicate  failing  vitality.  They  may  eventually 
die  out,  and  be  succeeded  by  a  permanent  minimum.  Already 
one  such  example  seems  to  be  afforded  by  T  Ophiuchi,  which 
has  for  some  time  ceased  from  its  annual  brightenings.  Re- 
current maxima  may,  after  all,  be  only  flickerings  in  the 
socket.  This  possibility  lends  a  particular  interest  to  research 
into  the  causes  of  these  extraordinary  outbursts. 

Now  about  the  same  proportion  of  carbon  stars  as  of 
Antarians  are  markedly  variable.  Hence,  if  radiative  insta- 
bility betoken  decrepitude  in  one  class,  it  must  do  so  in  the 
other.  It  would,  indeed,  on  many  grounds,  be  unreasonable 
to  set  the  two  families  far  apart  in  the  chronology  of  the 
heavens.  Professor  Vogel  regards  them  as  collaterals.  They 
represent,  in  his  scheme,  alternative  lines  of  descent  towards 
the  final  quenching,  there  being  a  total  absence  of  evidence 
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that  either  has  sprung  from  the  other.  The  pedigree  of  carbon 
stars  is,  iii  truth,  highly  obscure.  Besides  them  only  one 
celestial  body  shows  recognisable  traces  of  carbon  aljsorption. 
and  that  body  is  our  sun.  As  effete  suns,  accordingly,  Sir 
Norman  Lockyer  ranks  these  remarkable  objects.  But  Lfafl 
transitional  spectra  we  should  expect  to  meet  with,  if  this 
were  the  case,  are  missing.  Solar  stars  with  incipient  carbon 
(lutings  are  unknown.  No  road  runs  between  the  designated 
stations.  A  line  of  communication  is  wanting.  Nor  is  the 
development  of  Autarian  into  carton  stare  easy  to  admit.  A 
few  instances  of  nondescript  banded  spectra  have,  to  be  Bure, 
been  recorded,  and  might  conceivably  serve  to  bridge  the  gap ; 
nothing,  however,  resembling  an  intermediary  series  can  be 
made  out.  Now  stars  without  obvious  relationships  presumably 
developed  quickly  under  abnormal  conditions.  And  carbon 
stars  seem  to  be  in  this  case.  They  must  indeed  have  had 
progenitors,  although  none  openly  claim  them.  With  three 
stocks,  nevertheless,  they  show  distant  affinities,  and  from  one 
or  other  they  must  have  sprung.  Their  liauded  spectrum  can 
be  traced  in  embryo  in  the  sun  ;  their  dork-line  spectrum  is 
analogous  to  that  associated  with  Antarian  flutings;  their 
bright-line  spectrum  partially  matches  Wolf-Rayet  eniissions. 
But  these  are  no  more  than  hints  towards  a  genealogy,  of 
which  nature  still  keeps  the  secret. 

There  can  lie  no  hesitation  in  placing  the  Wolf-Rayet  and 
the  bright-line  helium  groups  at  an  early  stage  of  cosmic 
growth.  The  Pickering  and  Rydberg  hydrogen  lines,  which 
commonly  go  together,  are,  for  some  unknown  reason,  character 
Mia  of  a  primitive  condition,  and  they  are  essential  elements 
of  the  Wolf-Rayet  spectrum-  The  absence  from  it  of  rrrtalKfl 
rays  is  an  indication  of  the  same  purport ;  for  they  are 
similarly  suppressed  in  nebula;,  while  gaining  strength  and 
depth  in  the  successive  stellar  generations.  Yet  Wolf-Rayet 
stars  are  not  visibly  nebulous.  Must  we  then  suppose  that 
they  have  sprung  from  stars  that  are  ?  This  is  scarcely 
possible,  in  view  of  the  peculiarities  just  adverted  to ;  nor  is 
the  admission  necessary.  Small,  compact  nebula* ,  without 
hazy  appendages,  are  quite  likely,  by  their  condensate  > 
have  given  rise  to  this  class  of  stars.  If  so,  their  tele*' 
sharpness  is  a  necessary  consequence  of  their  mode  of  origin 
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But  the  connecting  links  have  still   to   l>e  detected.      Until 
they    are,    the    suggested    parentage    remains    an    unv<  < 
conjecture. 

Nebulous  attachments,  on  the  other  hand,  plainly  seen  or 
photographed,  not  unfrequently  declare  the  affinities  of  bright- 
line  helium  stars.  They  are  accordingly  at  the  outset  of 
their  careers  as  suns — that  is  to  say,  they  have  given  since 
the  time  when  they  were  first  formed  into  powerfully  radiating 
globes  the  same  kind  of  spectrum  now  exhibited  by  them. 
It  will,  however,  eventually  become  modified ;  and  the  moat 
probable  modification  to  which,  so  far  as  our  limited  view 
extends,  it  can  be  subject,  is  by  the  disappearance  of  its 
specific  rays  of  emission.  Their  progressive  eflacement 
might  plausibly  bo  represented  by  a  series  of  objects,  in  which 
linear  radiation  grows  less  and  less,  from  y  Cassiopeia-,  with 
its  full  complement  of  bright  lines,  down  to  Alcyone,  showing 
a  solitary  C.  Yet  this  would  not  compel  the  admission 
that  every  dark-line  helium  star  has  traversed  a  bright-line 
phase.  Such  on  episode,  on  the  contrary,  can  be  inferred  from 
many  indications  to  occur  by  exception  in  stellar  history  as  a 
consequence,  perhaps  of  peculiarities  of  internal  constitution, 
perhaps  of  unusual  influences  exerted  from  without,  possibly 

ut  the  mutually  reactive  eilecte  of  both  ciaooco  of  cauoe. 

We  must  be  prepared  to  meet  with  side-tracks  in  evolu- 
tion. Nature  does  not  run  in  a  groove.  Her  operations  are 
free  and  various;  they  defy  the  restrictions  of  feasibility 
which  a  rigid  methodism  of  thought  would  seek  to  impose 
The  order  of  the  universe  has  a  wider  scope  than  is  imagin- 
able by  us.  Creative  Wisdom  disposes  of  superabundant 
resources,  and,  if  we  may  dare  say  so,  takes  delight  in  bringing 
them  into  play.  Our  best  attitude  of  mind,  then,  in  attempt- 
ing to  speculate  on  the  course  of  things,  is  that  of  the  utmost 
possible  flexibility  to  the  teaching  of  well-ascertained  facta. 


CIIAPTER   XVI. 

ROTATION    OF   THE    STARS. 

Sir  William  Abney  adverted,  in  1877,1  to  the  theoretical 
effects  of  rotation  on  stellar  spectra.  Quite  obviously,  they 
must  tend  to  make  the  component  lines  wide  and  diffuse. 
For  each  line  integrates  the  displacements  and  counter-displace- 
ments occasioned  by  the  opposite  radial  movements  of  the 
limbs ;  while  the  central  and  polar  sections  of  the  disc, 
having  theii  velocities  directed  across  the  line  of  sight,  send 
out  rays  in  their  normal  positions,  fringed  on  either  side 
through  the  juxtaposition  of  the  shifted  rays.  The  amount  of 
broadening  in  each  particular  star  depends,  first,  upon  the 
linear  speed  of  rotation,  secondly,  upon  the  position  of  its 
axis.  If  this  be  erect  as  viewed  from  the  earth,  the  motion- 
shifts  will  tell  to  their  full  extent  in  spreading  the  bright  or 
dark  spectral  lines;  they  will  become  less  and  less  effective  aa 
the  axis  is  less  inclined,  aud  will  disappear  wholly  on  its 
coincidence  with  the  visual  ray.  Now  there  can  be  no  doubt 
that  every  star  has  a  movement  of  gyration  as  well  as  a 
movement  of  translation  ;  and  it  is  no  less  certain  that  stellar 
spectra  are  modified  in  accordance  with  its  rapidity  and 
direction.  Only  the  question  of  degree  has  to  be  considered 
Are  the  effects  produced  likely  to  be  appreciable  ?  And  if  so, 
have  they  been  perceived  ? 

The  spectrum  of  a  Aquilre  (Altair),  noticed  for  some 
time  back  as  peculiar,  has  sometimes  been  thought  to 
intimate  a  composite  origin.  It  is  of  the  Sirian  type,  but 
with  a  reinforced  contingent  of  metallic  lines ;  and  these  run 

1  MontMy  Xodefs,  rol.  jjurrii.  p.  2*8.     The  «lil!icuttict  in  a  wiring  tbr  tlmvrr 
vera  pointed  out  hy  Vogd,  A  dr.  Sack.  No.  2141. 
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together  into  hazy  bands,  the  general  aspect  of  which  was 
imitated  at  Potsdam  in  1895  in  spectrographs  of  the  sun 
taken  out  of  focus.1  The  defective  nature  of  the  agreement, 
however,  discredited  the  hypothesis  of  a  double  spectrum, 
marked  by  diffuse  hydrogen  absorption  proceeding  from  one 
source,  and  by  metallic  lines  fu&td  into  bands,  proceeding 
from  another.  Yet  M.  Deslandres  considered  that  liia 
measures  of  the  stars  radial  motion  lent  it  support.  They 
seemed  to  indicate  velocity  variable  in  a  period  of  forty-two 
days,  with  minor  fluctuations  superadded.9  But  the  supposed 
multiple  system  is,  according  to  Dr.  Vogel,  a  mere  creation  of 
iir<  i'i'ii'il  i' nor-  .•  and  a  Aquihe  must  foi  the  i-r-vnt.  it  $UJ 
rate,  be  counted  a  solitary  star. 

Its  spectrum  was,  in  1893,  commented  upon  by  Professor 
Pickering/  He  had  recourse,  for  the  explauatiou  of  its  ill- 
defined  character,  to  the  rotational  principle,  adding  a 
caveat  bused  on  the  improbable  greatness  of  the  required 
velocity  of  about  100  miles  per  second.  Adopted,  never- 
theless, five  years  later  by  Dr.  Vogel,  it  was  rendered 
more  plausible  by  his  reduction  to  27  kilometres  (16'8 
miles)  of  the  equatorial  speed  needed  to  widen  the  lines 
to  the  observed  extent.  This  rate  of  movement,  which  is 
just  double  that  of  a  point  on  Jupiter's  equator,  might  reason- 
ably be  admitted  as  subsisting  in  a  star.  But  the  view 
encounters  other,  and  more  fundamental  objections.  If  it 
were  true,  all  the  lines  in  the  affected  spectrum  should  be 
similarly  diffuse.  Movement  acts  indiscriminately.  Every 
ray  emanating  from  the  advancing  or  receding  surface  is, 
in  due  measure,  displaced.  None  can  be  exempt  from  change 
of  refrangibility.  The  occurrence,  then,  of  a  single  sharp  line 
in  a  stellar  spectrum  suffices  to  show  that  the  haziness  of  its 
associates  must  be  due  to  some  other  cause  than  rotation. 
And  there  are  many  sharp  lines  in  the  spectrum  of  a  Aquilae. 
They  are  faintly  discernible,  as  Sir  Norman  Lockyer  pointed 
out    in    1894,*  on    the    South    Kensington    plates,    and  are 

'  Schemer.  Attr.  S'adu  No.  2924  ;  PoUdam  Publ.  Bd.  rii.  p.  232. 

'  CoinpUs  Rendus,  t,  exxi.  p.  629. 

3  StizviyjsbcrichU,  Berlin,  17th  Not.  1808. 

4  Attr.  and  Aitrophytia,  toI.  xii.  p.  719. 

'  Phil,  Tram.  voL  clxxxiv.  p.  696. 
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unmistakably  apparent  in  Sir  William  and  Lady  Huggina's 
spectrograplis.1  Those  taken  at  Potsdam  are  so  limited  in 
range  of  wave-length  that  negative  conclusions  cannot  safely 
be  founded  on  them.  The  hypothesis  of  rotation  must, 
accordingly,  be  regarded  as  inapplicable  to  the  case  of 
a  Aquilffi. 

Now  a  Aquilffi  is  not  without  analogues.  It  belongs  to 
a  pretty  numerous  stellar  group,  differing  in  chemical  con- 
stitution, but  agreeing  in  the  diEfuseness  of  the  absorption 
traits  significant  of  it.  They  form  one  of  Miss  Maury's 
three  collateral  series — her  "  Division  o."  It  embraces 
no  "  advanced "  stars ;  only  those  of  the  helium  and 
hydrogen  types,  with  a  few  verging  towards  the  inter- 
mediate stage  of  Procyon,  are  represented  in  it.  Hazy 
spectra  are  thus  a  sign  of  cosmic  youth.  They  characterise, 
without  exception,  the  stars  of  Miss  Maury's  "Group  i." 
in  which  the  Pickering  series  of  hydrogen  is  prominent ; 
they  cease  to  appear,  or  appear  by  imperfect  indica- 
tions, soon  after  the  Siriau  stage  is  passed.  Their 
explanation  by  opposite  displacements  through  axial  move- 
ment would  then  involve  the  consequence  that  stars,  as  they 
develop,  lose  much  of  their  rotational  speed.  There  is. 
however,  but  one  recognised  agency  by  which  it  can  be 
retarded — the  agency  of  tidal  friction;  and  it  acts  sensibly 
only  on  bodies  attended  by  closely-revolving  satellites  of 
considerable  relative  mass.  Solitary  suns  like  our  own 
can  have  spent  but  little  of  their  energy  of  rotation.  Actual 
velocity  in  spinning  becomes,  in  fact,  accelerated  as  contrac- 
tion proceeds,  so  that  ageing  stars  should  have  their  spectral 
lines  more  broadened  by  motion  than  those  in  a  primitive 
condition.  And  since  the  effect  is  imperceptible  in  the  former. 
we  may  feel  assured  that  it  has  not  been  observed  in  the 
latter. 

Confirmatory  evidence  is  not  wanting.  There  is  a  certain 
class  of  stars  which,  we  have  the  strongest  reason  to  believe, 
rotate  in  very  short  periods,  and  on  axes  almost  perpen- 
dicular to  the  line  of  sight  They  combine,  accordingly,  both 
the  conditions  needed  for  the  display  of  spectra  rendered 
diffuse  by  motion-shifts.     These  are  occulting  variables  like 

•    AUn$  of  Sp** rm,  Pl.v 
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Algol.  Sine*)  they  revolve  in  planes  pacing  very  nearly 
through  the  earth,  and  their  equators  cannot  deviate  materially 
from  the  sonic  level,  it  is  certain  that  virtually  the  whole 
speed  of  their  advancing  and  receding  limbs  is  radially 
directed  ;  no  considerable  part  of  it  is  spectroscopically  in- 
effective. Further,  although  they  may  rotate  farter,  they 
cannot  rotate  more  slowly  than  they  revolve,  and  their  orbital 
periods  arc  extraordinarily  short  The  system  of  Algol, 
which  is  by  no  means  one  of  the  quickest  eclipsing  pairs, 
circulates  in  sixty-nine  hours.  Its  equatorial  rate  of  rotation, 
by  a  minimum  estimate,  is  thirteen  miles  a  second,  or  just 
eleven  times  the  solar.  The  absorption  rays  in  the  light 
from  one  limb  are  accordingly  displaced  towards  the  blue, 
and  those  from  the  opposite  limb  towards  the  red,  eleven 
times  more  than  the  Frnunhofer  lines  measured  by  Young 
and  Duner;  and  their  compounded  effect  in  tbe  stellar 
ftpoctrum  is  to  widen  the  lines  by  an  amount  corru- 
sponding  to  a  «[>eed  of  twenty -six  miles.  In  other  words. 
each  should  epread  over  nearly  one  quarter  the  interval 
between  tho  D-liuoe  in  the  sun.  Tho  iteration  is,  neverthe- 
less,  inconspicuous.  The  spectrum  of  Algol  does  not  strike 
the  eye  as  hazy.  The  hydrogen  series  shows  the  distension 
proper  to  the  type,  no  more ;  the  rayB  of  helium,  magnesium, 
and  calcium  are  of  the  average  sharpness.  Now  some  eclipsing 
stars  must  rotate  much  more  rapidly  than  AlgoL  U  Ophiuchi, 
for  instance,  has  a  period  of  only  twenty  hours.  Yet  in  none 
of  them  have  blurred  spectra  been  noticed  Enormous 
velocities  —  velocities  most  probably  non-existent  —  would 
evidently  be  indispensable  for  their  production. 

Such  spectra  as  that  of  a  Aquihe  must  then  be  accounted 
for  otherwise  than  by  rotation.  For  the  suggested  geometrical 
cause,  which  proves  inadequate,  a  physical  cause  has  to  be 
substituted  One  may  be  found  in  excessive  pressure.  The 
diffuse  lines  possibly  originate  at  unusual  depths  in  the  stellar 
atmospheres.  Sir  William  and  Lady  Huggins  advert '  to  the 
probability  of  great  differences  in  this  respect  between  various 
stellar  classes.  In  early  stars  they  say — and  none  of  the 
members  of  "  Division  b  "  are  mature — "  we  may  see  deep 
down  into  the  star,  and  the  continuous  spectrum  may  come 

1  AUnt  of  Xptctra,  p.  69. 
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from  a  thick  region  of  dense  gas,  throughout  which  little,  or 
possibly  no  condensation  to  the  liquid  or  the  solid  state  takes 
place.  Under  these  conditions,  the  absorbing  gases  in 
front  of  it  will  not  be,  as  in  the  sun,  of  very  limited  thick- 
ness, but  will  occupy  a  region  of  vast  extent." 

The  solar  H  and  K  illustrate  the  character  of  lines 
generated  in  dense  vapours  at  a  high  temperature ;  their 
■  wings,"  ub  we  may  remind  our  readers,  being  added  in 
the  immediate  vicinity  of  the  photosphere  to  the  compara- 
tively definite  lines  produced  in  the  upper  reversing  strata. 
Now  it  is  a  curious  fact  that  distended  lines,  such  as  H  and 
K,  are  apt  to  be  doubly  reversed  Dr.  Scheiner  hoe  noticed 
symptoms  of  incipient  illumination  at  the  centres  of  the 
broad  hydrogen  bands  distinctive  of  first-type  6tare,  and  they 
are  similarly  manifest  in  Wolf-Rayet  stars  showing  mixed 
MLJM  of  emission  and  alxtorption.  Hence  the  particular 
significance  of  M.  Deslandres'  detection  in  a  Aquihe  of  fine 
"  chromospheric "  lines  of  hydrogen,  and  occasionally  of 
calcium  and  iron,1  superposed  upon  the  dim,  dusky  bands 
indicative  of  the  state  of  those  substances  in  the  reversing 
layer.  Diffuse  spectra  may  thus,  with  some  probability,  be 
.issigued  to  abortive  bright-line  stars.  Or  they  perhaps  mark 
objects  juat  losing  the  faculty  of  specific  emission.  If  so,  the 
mode  of  its  departure  is  different  from  that  exemplified  by 
Alcyone,  in  which  the  dark  lines  have  their  normal  aspect, 
while  one  red  ray  survives  as  the  sole  remnant  of  what  was 
perhaps  once  a  blazing  spectrum.  The  future  course  of  stars 
resembling  a  Aquike  can  be  traced  only  by  conjecture.  But 
what  hints  are  at  hand  lead  to  the  supposition  that  they 
will  proceed  by  insensible  gradations  to  the  solar  stage,  their 
absorption  rays  becoming  narrower,  more  numerous,  and  better 
defined  with  the  slow  advance  of  condensation. 

The  upshot  of  our  inquiry  is  to  bring  the  conviction 
that  no  approach  has  yet  been  made  towards  determining  the 
rotation  of  any  star.  Spectra  are  not  rare  composed  nmudy 
of  blurred  lines,  and  so  suggesting  at  first  sight  diffusion  on 
the  principle  of  movement ;  the  intermixture  of  sharp  lines, 
visible  on  closer  scrutiny,  nevertheless  peremptorily  negative* 
the  suggestion.     Again,  rotational  velocity  in  the  line  of  sight 

1  CampUs  Acmfu*.  t.  cxii.  p.  «J2». 


should  be  at  a  maximum  in  Algol   variables;   yet  they  do  not 
possess   specially  diffuse-  spectra.     Theory,  however,  need  noi 
be  at  fault  because  it  fails  to  be  verified  by  observation.     The 
failure    merely   informs    us    that    its   consequences,  by   I 
siuallness,  elude  our  means  of  discovery. 


CHAPTER    XVII. 


SPFXTKOSCOPIC    niNAKIF-S. 


Between  the  old  and  the  new  astronomy  lies  a  region  claimed 
by  both,  yet  belonging  by  exclusive  right  to  neither.  This 
is  the  department  of  spectroscopically  determined,  or  radial 
movements.  Now  the  distinction  between  radial  and  trans- 
versal movement  is  purely  artificial  ;  it  is  made  in  the 
interests  of  our  imperfect  faculties ;  nature  ignores  it 
Motion,  although  by  a  geometrical  fiction  resolvable  ad  in- 
finitum, is  essentially  simple.  At  any  given  instant  it  takes 
place  in  one  direction  only.  But  if  that  direction  be  oblique 
to  our  view,  we  see  the  line  of  travel  foreshortened ;  nor  can 
we  tell  by  direct  vision  how  much  foreshortened.  That  is 
to  cay,  the  eye  perceives  one  component  of  velocity — the 
tangential  component,  the  component  lying  square  before  it — 
while  of  the  other  component  along  the  visual  ray  it  take*  no 
heed.  Here  the  spectroscope  comes  to  the  rescue.  Helpless 
to  deal  with  tangential  speed,  it  can  measure  radial  speed  by 
its  effects  upon  the  refrangibility  of  light.  The  first  method 
gives  one  side  of  the  parallelogram  of  velocities,  the  second, 
the  other ;  combining  their  resxilts,  we  get  the  diagonal 
actually  traversed  by  the  olwerved  luminous  body.  Date 
obtained  by  visual  means  formed  the  sole  materials  of  the 
elder  gravitational  science  ;  none  others  were  indeed  available 
at  the  period  of  its  growth  and  elaboration  ;  nor,  even  if  they 
had  been,  woidd  they  have  been  of  essential  service  in  con- 
structing planetary  theories.  In  sidereal  astronomy  they 
occupy  quite  a  different  position.  Without  them  its  progress 
is  crippled,  and  the  possibility  of  procuring  them  fortunately 
developed  just  when  they  began  to  be  urgently  needed. 
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As  grist  for  the  mathematical  mill,  motions  determined 
spectroscopically  serve  equally  well  with  motions  determined 
telescopically.  The  calculus  deals  indifferently  with  either 
kind.  The  calculus,  however,  is  an  instrument  of  precision, 
and  demands  minnte  accuracy  in  the  materials  operated  upon. 
And  it  is  just  the  effort  to  satisfy  this  demand  which  has 
broken  down  the  barrier  between  celestial  mechanics  and 
celestial  physica  For  radial  velocities  cannot  be  unadvisedly 
accepted ;  the  line-displacements  significant  of  them  may  be 
otherwise  occasioned.  Cases  have  to  be  discriminated ;  con- 
ditions scrutinised ;  recondite  problems  attacked.  The  infor- 
mation within  reach  is,  nevertheless,  too  important  to  be 
neglected ;  at  any  cost  of  pains  it  must  be  extricated  from 
uncertainty  and  used  for  all  that  it  is  worth ;  and  so  it 
has  come  about  that  traditional  astronomers  of  the  most 
abstract  type  find  themselves  involved  in  experimental  diffi- 
culties, and  confronted  by  questions  answerable  only  in  the 
laboratory. 

Astrophysicists,  on  their  side,  have  no  choice  bat  to  culti- 
vate the  spectroscopic  branch  of  dynamical  astronomy.  Not 
merely  because  it  springs  from  the  stem  of  physical  principles 
and  physical  experience,  but  because  the  study  of  its  subject- 
matter  is  essential  to  the  furtherance  of  knowledge  respecting 
stellar  constitution  and  development.  Thus  sidereal  physics 
merges  into  sidereal  mechanics ;  yet  somewhere  between  them 
ii  line  of  demarcation  must,  for  the  purposes  of  the  present 
book,  be  drawn.  Arbitrarily  drawn  in  many  places  it  will 
be ;  but  there  are  cases  in  which  it  is  better  to  lack  logic  than 
limit ;  and  this  is  one  of  them.  We  shall  then  regard 
spectroscopic  but  not  telescopic  binaries  as  making  part  of  our 
subject,  although  fully  aware  that  the  two  classes  are  funda- 
mentally one.  Stellar  and  nebular  proper  motions,  trans- 
versal or  radial,  must  also  as  such  be  excluded.  Only  when 
they  give  evidence,  by  periodic  variability,  of  the  progress  of 
orbital  revolutions,  do  they  fall  within  our  scope.  Uniform 
velocities  in  space,  in  whatever  direction,  or  however 
tletermiued,  do  not  concern  us.  Foreign  to  our  theme  as  well, 
is  the  grand  topic  of  sidereal  construction,  prescribed  as  it  is 
and  conditioned  by  the  Sittings  of  the  stars.  Something,  how- 
ever, will  be  said  about  the  physical  peculiarities  of  the  Milky 
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Way,  aince  apart  from  them  the  spectroscopic  relations  of  the 
various  families  of  stars  and  nebula?  would  reruaiu  imperfectly 
intelligible. 

Spectroscopic  binaries  are  stare  telescopieally  single,  but 
inferred  to  be  compound  from  the  evidence  of  a  regular  flow  of 
spectral  change.  The  change  ia  of  a  perfectly  definite  nature. 
It  consists  in  the  swinging  of  oil  the  bright  or  dark  lines 
to  and  fro  in  a  fixed  period  across  their  average  positions. 
These,  indeed,  are  not  precisely  their  normal  terrestrial  places. 
They  are  affected  by  the  motion  of  the  system,  as  a  whole, 
towards  or  from  the  eye.  This  constant  element  of  shifting  is. 
however,  easily  eliminated,  and  the  circulating  pair  can  then 
be  studied  as  if  their  centre  of  gravity  were  at  rest  relatively  to 
the  sun.  Ascribing  to  them,  to  begin  with,  a  circular  orbit, 
it  is  easy  to  see  that,  at  two  diametrically  opposite  points — 
the  extremities  of  the  line  of  conjunction — radial  motion 
vanishes,  the  entire  measurable  velocity  being  across  the 
direction  of  view;  while  at  the  corresponding  points  of 
greatest  elongation,  the  radial  component  represents  full  speed. 
In  an  elliptic  orbit  these  four  points  of  zero  and  maximum 
line-of-sight  movement  may  be  slightly  displaced  according  to 
the  situation  of  the  major  axis ;  they  can,  however,  be  located 
with  the  help  of  exact  observational  data,  and  their  positions 
then  serve  as  an  index  to  the  shape  and  orientation  of  the 
ellipse.  One  of  its  elements,  nevertheless,  remains  incalcul- 
able. Unless  the  revolving  stars  eclipse  one  another,  there  is 
no  means  of  determining  its  plane.  It  cannot  be  perpendi- 
cular to  the  line  of  sight,  for  in  that  case  all  the  motion  would 
be  tangential ;  no  part  of  it  could  be  epectroscopically  apparent 
But  it  may  be  inclined  at  any  angle  short  of  a  right  angle ; 
and  the  larger  the  angle,  the  smaller  the  proportion  of  the 
orbital  velocity  directed  along  the  visual  ray.  In  other 
words,  the  measured  rates  are  the  true  rates  multiplied  by  the 
cosine  of  an  unknown  angle.  They  are,  accordingly,  minimum 
values ;  the  actual  speed  indefinitely  exceeds  them.  Neverthe- 
less, it  can  rarely  be  more  than  double  the  seeming  amount,  since 
the  chances  of  discovery  manifestly  fall  off  for  systems  with 
highly  inclined  planes.  Thus  the  scale  of  orbits  computed 
from  spectroscopic  data  is  indeterminate ;  but  the  uncertainty 
does  not  extend  to  their  form,  which  is  as  strictly  derivable  a* 
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that  of  tin-;  jui-Im  of  visible  binary  aUrs.1  The  man  of  tin 
revolving  bodice,  however,  escapee  us.  It  depends  upon  the 
compass  of  their  rounds;  we  can  only  assign  to  it  u  value 
less  than  which  it  cannot  be,  although  it  may  be  considerably 

Spectroscopic  binaries  are  broadly  divisible  into  three 
classes:  those  that  are  constant  in  brightness,  those  tbat  vary 
in  light  through  eclipses,  and  those  that  vary  in  light  other- 
wise than  by  eclipse.  In  the  present  chapter  we  shall 
confine  our  attention  to  the  first  category.  And  here  again 
we  have  to  distinguish  between  stars  with  bright,  and  stars 
with  dark  companions.  In  the  spectra  of  bright  fxiirs  the 
lines  split  into  doublets  twice  in  the  <  <>urseof  each  revolution  , 
in  those  of  bright  and  dark  pairs  they  execute  a  complete 
vibration  simultaneously  with  the  description  of  a  circuit,  hut 
remain  always  singla  But  these  different  conditions  are  not 
sharply  separated.  As  usual,  the  rule  of  continuity  is 
observed.  Satellites  are  met  with  in  all  gradation 
luminosity.  Some  shine  no  lev  brilliantly  than  their 
primaries,  in  which  case  the  duplicated  lines  are  exact  pairs; 
others  are  large  but  dim,  and  show  very  faint  rays  periodi- 
cally   appended    to     the    comparatively     intense     ones    of    the 

greater  orb ;  while  the  majority,  remarkably  enough,  are  quite 
obscure,  so  far  at  least  as  spectral  indications  enable  us  to 
judge. 

These  marvellous  systems  have,  one  and  all,  been  dis- 
covered by  spectrograph^  means.  The  required  consistency 
and  certainty  of  measurement  are  unattainable  visually. 
They  have  been  realised  only  by  the  employment  of  chemical 
impressions  comparable  night  by  night  and  year  after  year. 
The  first  result  of  the  kind  was  achieved  at  Harvard  Univer- 
sity by  the  detection  as  a  close  double  of  £  Ursa  Majoris, 
the  middle  star  in  the  Plough  handle.  The  components  are 
Sirian  suns  of  the  same  stamp,  and  of  nearly  equal  bright- 
ness ;  but  they  may  be  to  some  extent  relatively  vari- 
able.3 The  nature  of  their  movements  was  long  an  enigma. 
The  period  of  104  days  at   first  assigned  to  them  implied 

1  The   method   ueually  employed  u  that  given  by  Lehmann-Filhea,  Adr. 
Nach.  No.  3242. 

1  A.  C.  Maury,  Astroph.  Journ.  vol.  tuL  p.  174. 
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duplication  of  the  spectral  lines  once  in  52  dajra.  Yet  this 
consequence  did  uot  ensue  in  fact  with  the  inevitableuess 
exacted  by  theory.  Grave  diecrepancies  became  manifest ;  the 
anticipated  separation  of  the  two  spectra,  often  non-apparent, 
was  always  curtailed  in  duration,  and  repeated  attempts  were 
battled  to  get  rid  of  these  anomalies  by  adding  a  third  body 
to  the  system,  by  heightening  the  eccentricity  of  the  ell 
traversed,  or  by  shortening  the  period  of  its  description.1  At 
last,  in  1901,*  by  a  discussion  of  a  fresh  series  of  Potsdam 
spectrographs,  Dr.  Vogel  reached  a  satisfactory  conclusion. 
He  now  assigned  to  the  revolving  couple  a  period  of  only  20 
days  14  hours ;  the  eccentricity  of  their  orbit  came  out  =  0'5, 
so  that  their  periastron-approach  is  one-half  their  mean 
distance ;  while  their  least  possible  mass  proved  bo  be  four 
times  that  of  the  sun.  Up  to  the  present  they  seem  inclined 
to  conform  to  these  rules  of  the  road. 

The  parallax  of  0045"  found  by  Klinkerfues  for  Mizax 
(to  give  f  Ursffl  its  Arabic  name)  is  likely  to  be  largely 
erroneous,  but  erroneous  by  excess  rather  than  by  defect.  If 
it  be  correct,  the  star  sends  abroad  thirty-eight  times  more 
light  than  our  sun.  If  it  be  too  large,  the  star  is  proportion- 
ately brighter;  and,  judging  by  Hbftiers  estimate '—certainly 
a  most  precarious  one — it  is  greatly  too  large.  Since  the 
components  are  spectroscopically  unlike  the  sun,  the  ratio  of 
the  quantity  of  light  they  emit  to  the  quantity  of  matter 
they  contain  must  be  widely  different  Were  it  the  same,  a 
38-fold  brilliancy  would  imply  their  possession  of  about  160 
times  the  solar  mass  ;  whereas  Vogels  data  almost  enforce  the 
belief  that  this  value  at  least  decuples  the  truth.  This  may 
serve  to  exemplify  the  difficulty  of  deducing  massiveness  from 
luminosity.  Only  in  exceptional  cases  can  any  fixed  propor- 
tionality be  safely  assumed  as  the  basis  of  calculation. 

Misar  is  attended  visibly  as  well  as  invisibly.  A  star  of 
the  fourth  magnitude  circulates  round  it  at  a  distance  of  14" 
with  an  almost  im[>erceptible  progression.  Unless  it  mends 
its  pace,   10,000   years    will    have   elapsed  before  a   revolu- 


1  Sarxard  AnnaU,  vol.  xxvi.  p.  xvili.  ;   Harvard  Cimdar,  Xo.   11  :  A*r. 
JfmtA.  Ko.  3017 ;  MontHy  Ndias,  »ol.  L  ^  297. 

•  Sit»u*qJxTirkt*,  Berlin,  2nd  M»y  1*01  ;  AHroyK,  Sour*,  nl.  xiii.  p.  »*. 

•  A*r.  jVatA.  No,  3156. 
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tion  is  completed.  It  may  be  worth  recalling  that  uxi  18th 
April  1841,  Macllex  was  unable  to  find  this  object,  flffdfttttUf 
plain  to  be  seen  ;  and  the  failure  seemed  so  strange  that  he 
endeavoured  to  account  for  it  by  suppling  the  star  subject  to 
sudden  obscurations  like  those  of  Algol1  No  second  dis- 
appearance is  on  record ;  but  phases  of  the  kind  are  extremely 
evasive  when  no  time-bill  of  their  recurrences  is  at  hand. 
The  connection  into  one  system  of  two  close  pairs  iB  not  in 
itself  improbable,  although  no  such  arrangement  luw  yet  been 
anywhere  verified. 

The  detection  of  n  second  spectroscopic  binary  fell 
immediately  upon  that  of  the  first.  Miss  Maury  announced 
late  in  1889,  as  a  result  of  her  scrutiny  of  the  Harvard 
plate.**,  that  thr  absorption  lines  in  t-lu:  spectrum  of  /?  Auriga* 
appear  alternately  single  and  double  once  in  forty-eight  hours. 
Hence  the  period  of  revolution  is  four  day**,  while  the  relative 
velocity  of  the  components,  given  by  the  extent  to  which 
their  spectral  rays  separate,  is  150  miles  a  second.  Their 
joint  orbit  has  bMD  computed  by  Rainbaut,'*  l>liumnn-FiIheV 
and  Schwurzschild  *  so  accordantly  us  to  leave  little  room  for 
improvement.  They  find  its  eccentricity  to  be  somewhat  lees 
than  that  of  the  orbit  of  Mercury ;  the  major  axis  makes  an 
angle  of  32 :  with  tin:  Hue  of  night,  and  the  j»criastron  is  at 
the  end  farthest  from  the  earth.  The  plane  being  unknown, 
its  dimensions,  as  already  explained,  cannot  be  ascertained. 
If  indeed  the  observed  velocity  were  the  true  velocity, — that  is, 
if  it  lay  in  a  level  passing  through  the  eye — the  corresponding 
orbital  radius  would  be  7,500,000  miles,  and  the  mass  of  the 
system  would  rather  exceed  that  of  4£  suns;6  but  these  are 
only  the  least  possible  values ;  they  may  \x*  greatly  surpassed. 
The  components  of  0  Auriga?  shine  with  the  Siriau  quality  of 
light ;  they  are  almost  perfectly  matched,  reciprocal  varia- 
bility, according  to  Miss  Maury,0  causing  each  in  turn  to 
appear  the  brighter.  A  parallax  of  uuoz  was  photo- 
graphically determined  for  them  by  Professor  Pritchard.  At 
the  distance  indicated,  the  sun  would  seem  twenty-eight  times 

CjMpt€B  Havhts,  t.  xiii.  p.  433  ;  quoted  by  Gore,  Knowledge  voL  uiL  p, 
201-  7  Monthly  Xotuxs,  vol.  \l  p-  316. 

J  Attr.  Xach.  No.  3212.  *  Ibid.  No.  8629. 

1  Vogel,  Hid.  No.  3017-  ■  Attrvpk.  Journ*  Tol.  viii.  p-  173. 
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lees  bright ;  it.  would  [sink  to  the  paltry  status  Of  I  G  1 
magnitude  star.  If  /?  Auriga?  were  a  single  globe,  constituted 
like  the  sun,  and  giving  out  a  twenty-eight-fold  supply  of 
light,  it  should  bo  of  147-fold  mass.  Neither  of  these  condi- 
tions is  fulfilled;  and  allowance  for  their  realisation  might 
possibly  bring  into  fair  agreement  calculations  of  miss  from 
gravitational  and  from  photometric  data.  In  which  case  the 
plane  of  revolution  would  deviate  but  slightly  from  that 
traversed  by  the  line  of  sight. 

The  preceding  star  of  two  named  /a  Scorpii  was  disclosed 
as  compound  in  1896  by  Professor  Bailey's  notice  of  tin- 
doubling  of  its  spectral  lines  on  many  of  the  Draper 
Memorial  negatives.1  The  period  is  only  34  hours  42 
minutes ;  the  velocity  is  correspondingly  high.  By  their  wide 
separation  the  lines  tell  of  relative  movement  at  the  rate  of 
2S6  miles  a  second,  this  being  the  sum  of  the  opposite 
velocities  of  the  conjoined  bodies.  Their  orbit,  apart  from 
the  foreshortening  effect  of  its  inclination,  has  a  radius  of 
nearly  6,000,000  miles,  and  they  possess  at  least  fifteen 
times  the  gravitating  power  of  the  sun.  They  show  a  helium 
spectrum;  and  one  member  of  the  pair  is  not  only  fainter  than 
the  other,  but  fainter,  apparently,  in  a  variable  degree 

The  spectrograph  ic  method  employed  at  Harvard  supplies 
evidence  of  line -duplications,  but  none  of  the  ohiftings  of 
solitary  lines.  This  is  easily  understood.  The  dispersing 
apparatus  is  placed  in  front  of  the  object  glass ;  the  stellar 
images  formed  at  its  focus  are  then  ready-made  spectra. 
Hence  no  slit  is  required,  and  without  a  slit  no  coniparison- 
spectrum  can  be  availed  of.  Displacements  therefore  betray 
themselves  only  when  the  rays  furnish  .standards  of  mutual 
reference  by  splitting  into  pairs.  The  binary  nature  of 
both  bright  is,  accordingly,  discoverable  in  this  way,  but  not 
the  association  of  a  bright  with  a  dark  IhmIv. 

The  spectroscopic  discovery  of  these  remarkable  combina- 
tions was  initiated  at  Potsdam.     Dr.  Vogel*  in  1890  found 
the  brilliant  Spica  (a  Virginis)  to  have  its  spectrum  shi 
to  and  fro  once  in  four  days,  the  revolutions  thereby  intimated 
proceeding  at  the  rate — apart  from  perspective  abridgment — 

1  ffarvard  Circular,  Noa.  11.  41. 
«  Sitrunphtruto*,  B«rltn.  24th  April  !890  :  A*r.  A'ocJL  Xo.  2W& 
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of  fifty-seven  English  miles  a  second.  This  Iwjltw,  if  tho 
components  be  of  equal  mass,  a  distance  for  each  from  the  ii 
common  centre  of  gravity  of  3,100,000  miles,  and  »  joint 
mass  26  tiraea  that  of  the  sun.  The  spectrum  u  ol  bbfl 
li<  limn  type.  Sir  David  Gill  obtained  a  null  result  for  the 
parallax  of  the  star,  which  mut*t  accordingly  tie  of  amazing 
actual  splendour.  The  attendant  of  Spica  is  not  wholly 
obscure.     Trace*  of  its  spectrum  can  I 

loo  faintly  for  purposes  of  exact  measurement  The  couple 
Bright  then  U-  termed  a  linking  instance  between  systems 
com|MJsed  of  twin  suns,  and  those  consisting  of  a  luminous  and 
a  non-luminous  member.  The  conditions  of  observation  are 
not  only  more  arduous  in  the  latter  case,  but  the  data  within 
reach  prove  lees  adequate.  They  ore  one-sided  ;  they  relate 
•  \<  lusively  to  the  bright  star.  All  that  <-ni  W  >■ 
its  dark  companion  is  that  it  describes,  in  the  same  period, 
a  similar  orbit.  The  sue  of  the  orbit  is  left  vague.  It  is 
urge  if  the  mass  of  the  body  traversing  it  is  small,  and 
vue  vtr$A ;  and  the  mass  of  the  primary  is  involved  in  the 
same  uncertainty. 

A  peculiarly  interesting  bright  and  dark  couple  was  brought 
:«.»  notice  in  1806  through  M.  Bi'lojiolsky's  work  with  the 
thirty-inch  Pulkowa  refractor.1  Castor,  the  lucida  of  the 
constellation  Gemini,  was  the  object  of  his  researches ;  and  it 
dominates  a  system  no  less  wonderful  than  that  of  f  Ursse 
Majoris.  Two  lustrous  Sirian  stars,  of  second  and  third 
magnitudes  respectively,  wheel  slowly  at  an  interval  of  6". 
Although  they  have  been  wards  of  science  since  Bradley's 
measure  of  them  in  1719,  their  orbit  is  not  yet,  in  any  strict 
sense,  calculable.  It  is,  however,  certainly  very  eccentric,  and 
takes  many  centuries  to  describe,  A  small,  distant  star  shares 
the  proper  motion  of  this  majestic  pair,  and  is  hence  known  to 
form  with  them  a  ternary  combination,  which  the  spectroscope 
has  rendered  quaternary  by  assigning  an  invisible  satellite  to 
the  minor  component  of  the  original  binary.  Its  revolutions 
are  rapid ;  they  have  a  period  of  not  quite  three  days,  and 
its  gravitative  power  suffices  to  impart  a  radial  velocity  of 
22  miles  a  second  to  the  luminous  orb  in  its  vicinity.  The 
corresponding  distance  from  the  centre   is   1,800,000  miles; 

'   Attrvph.  Journ.  foL  v   p.  1. 
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t hi t.  this,  as  in  all  .such  eases,  is  a  minimum  vulue.  Tin- 
ellipse  traversed  is  slightly  more  eccentric  than  the  path  of 
Mercury  round  the  sun.  And  here  arose  a  curious  complica- 
tion.1 Obviously,  the  interval  between  two  periostron  passages 
should,  if  the  major  axis  remained  fixed  in  space,  be  identic-! 
with  the  time  occupied  in  making  the  circuit  from  nod»-  to 
node.  It  proved,  nevertheless,  to  be  notably  longer,  ami  the 
hypothesis  was,  so  to  speak,  compulsorily  adopted  that  the 
major  axis  shifts  forward  as  the  stars  revolve.  The  period  of 
the  inequality,  as  determined  by  Bulopolsky  in  1899,  is  2100 
days.  In  four  years  and  forty  days  the  orbital  axis  makes  a 
complete  gyration,  and  is  once  more  directed  as  at  first  The 
cause  assigned  for  the  disturbance  is  the  spheroidal  form  im- 
pressed upon  the  conjoined  bodies  by  their  reciprocal  tide- 
raising  power.  A  flattening  of  one-seventh  would  suffice  to 
produce  the  observed  effect,  admitting  that  the  system  has 
the  same  dimensions  as  that  of  Algol.  This  special  kin 
perturbation,  long  theoretically  recognised,  has  been  found 
practically  operative  only  within  the  narrow  precincts  of 
close  stellar  systems.  Its  continued  study  in  them  may  lead 
to  important  developments. 

The  disclosure  of  a  duplex  character  in  Capella  was 
eminently  unexpected.  Its  reputation  as  an  exemplary  solar 
star,  irreproachably  regular  in  its  movements,  had  been  estab- 
lished at  Potsdam,  where  the  speotrographic  investigation  of 
radial  velocities  was  set  on  foot  in  1888,*  But  the  instru- 
mental resources  then  at  Professor  Vogel's  command  were 
inadequate  to  bring  out  certain  deviations  from  the  Fniurihofet 
pattern  lately  noticed  The  spectrum  is  indeed  both  oscilla- 
tory and  compound ;  but  a  powerful  and  perfect  apparatus  is 
required  for  the  manifestation  of  these  singularities.  T 1  ■  *■ 
discovery  was,  nevertheless,  made  in  duplicate  by  Professor 
Campbell  at  Lick.8  and  by  Mr.  Newall  at  Cambridge.*  It  is  of 
unique  interest. 

Capella  is  one  of  the  very  few  spectroscopic  binaries  at  n 

1  Mrmoris  deyli   SpeUrtvtoputi  italiani.   vol*,  xxvi.,    xxriii.  .     HulUh*  At 
VAcaiL  d*  SeUnca,  St.  Pet«nbourg,  t.  ri.  No.  1,  t.  xiil  NV  2. 
'  Bm  OWtwtory,  voL  xaiii.  p.  127. 

1  Attrvpk.  /num.  foL  *.  p.  177  ;  Obtcrrabrry  toI.  xxiii.  p.  $2. 
*  Ibul.  roU.  xjtii  p.  43S.  xxili.  p.  »3  :  M<mtMf  Xotxeti.  wtl  U.  [>.  US 
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determined  distance  from  the  earth.  33a  OMtftrflf  revised 
parallax  of  0081",  implying  a  light-journey  of  forty  year?, 
assigned  to  it  by  Dr.  Elkin  in  1897,  bus  every  mark  of 
authenticity.  Located  thus  remotely,  our  sun  would  appear  as 
a  star  below  the  fifth  magnitude;  102  orbs  like  it  should  Ire 
combined  to  give  the  light  of  Capella.  Hence  the  joint 
volume  of  the  component**,  assuming  them  to  be  equal  globes 
of  solar  intrinsic  brilliancy,  must  Km  just  730  times  that  of  the 
sun.  And  their  joint  mass  should  be  even  proportionately 
greater,  unless  the  tremendous  force  of  internal  compression 
proper  to  bodies  so  gigantic  were  counterbalanced  by  exorbi- 
tant heat.  There  is  strong,  if  not  convincing  evidence  that 
thin  is  actually  the  case. 

The  members  of  the  Capellan  system  are  unequally  luminous, 
and  differ  in  their  absorptive  qualities.  One  is  spectroscopic.!  ly 
indistinguishable  from  the  sun,  the  other,  of  aliout  half  its 
brightness,  is  more  akin  to  Procyon.  It  lias,  aoconlingly,  been 
found  possible  to  measure  separately  the  swing  of  each  set  of 
lines,  and  they  have  proved  to  be  of  much  the  same  amplitude. 
This  means  that  the  two  bodies  are  animated  by  equivalent 
movements,  and  are  hence  nearly  equal  in  mass.  Their  revolu* 
tions  proceed  in  a  slightly  eccentric  orbit,  the  mean  mdius  of 
which,  if  seen  edgewise,  would  measure  52,000,000  miles.  It  is 
not,  however,  seen  edgewise ;  very  far  from  it.  Capella  possibly 
makes  an  exception  to  the  rule  that  the  circulatory  plane  of 
non-eclipsing  spectroscopic  pairs  is  unascertainable ;  and  for  this 
reason,  that  it  may  be,  to  some  extent,  a  visual  pair  as  well. 
Mr.  Newall  adverted  to  the  probability,  based  upon  the  star's 
parallax  and  conditions  of  movement,  that  the  distance 
between  its  components  would  subtend  from  the  earth  an 
angle  of  nearly  one-tenth  of  a  second.  Telescopic  observations 
might  then  have  a  successful  issue ;  and  the  opportunity  for 
testing  the  powers  of  great  instruments  was,  at  any  rate,  too 
tempting  to  be  neglected.  Those  of  the  Lick  refractor,  strange 
to  say,  though  employed  with  all  Professor  Hussey's  skill, 
failed  to  answer  the  demand  made  upon  them.  The  star  was 
seen  persistently  round.1  Yet  Messrs.  Dyson  and  Lewis  were 
persuaded  of  its  genuine  elongation  with  the  Greenwich 
twenty -oight- inch  equatorial      The  components  were   never 

1  Astr.  Journ,  No,  484. 
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seen  clearly  divided;  no  thread  of  dark  space  was  perceptible 
between  them ;  but  they  formed  together  an  oval  image,  and 
the  direction  of  lengthening  changed  consistently  with  the 
period  of  their  mutual  circulation.1  The  visual  data  thus 
procured  even  served  for  the  calculation  of  a  provisional  orbit, 
and  the  missing  element  of  its  inclination  proved  to  have  a 
value  of  30°.  The  stars,  if  this  be  so,  travel  in  a  plane 
making  an  angle  of  60°  with  the  line  of  sight,  and  the  actual 
radius  of  their  path  is  double  that  derived  from  spectroscopic 
velocities.  It  measures  104,000,000  miles;  these  immense 
bodies  ore  not  much  farther  apart  than  the  earth  is  from  the 
sun.  Their  mass  can  hence  be  arrived  at ;  together  they  con- 
tain somewhat  more  matter  than  seventeen  suns.  This  result, 
though  in  many  ways  plausible,  is  extraordinarily  discrepant 
from  what  we  may  call  the  light-value  of  the  same  element. 
If  they  gravitated  in  the  proportion  of  their  luminosity,  these 
orbs,  as  we  have  seen,  should  outweigh  the  sun  730  times; 
in  point  of  fact,  they  seem  to  possess  no  more  than  seventeen 
times  the  solar  mass.  Even  apart  from  the  Greenwich  results, 
we  seem  here  to  find  evidence  that  stars  differing  enormously 
in  density  may  show  spectra  of  the  same  stamp,  and  that  large 
bodies  traverse  the  various  stages  of  development  more  rapidly 
than  small.  The  members  of  the  Capellan  pair,  admitting  the 
alleged  facts,  are  some  forty  times  more  rarefied  than  the  sun  ; 
liquid  hydrogen  is  a  heavy  substance  compared  with  them. 
They  are,  accordingly,  at  an  early  epoch  of  their  career  as 
ivli.mt  globes,  while  their  spectra  indicate  full  maturity. 
Confirmation  is  thus  afforded  to  the  inference,  already  drawn 
from  the  spectral  diversities  of  double  stars,  that  mass  acceler- 
ates evolution. 

Late  in  1896  Professor  Campbell  undertook  at  the  Lick 
Observatory  a  comprehensive  investigation  of  stellar  radial 
motion.  The  adjustment  of  the  fine  apparatus  known  as  the 
■■  Mills  spectrograph  "  to  the  great  refractor  made  this  feasible; 
tod  among  its  "  bye-products,"  the  analysis  of  visually  single 
stars  into  revolving  pairs  is  particularly  important,  first, 
because  of  the  individual  interest  of  the  facts  collected,  next, 
on  account  of  their  significance  in  the  scheme  of  the  Cosmos. 
The    abundance    with    which    such    systems    occur    is   quite 

1  Monthly  Noticu,  toU.  lx.  p.  50A.  Ui.  fe  70. 
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unexpected,  and  very  remarkable.  Protestor  Campbell  finds 
that,  of  285  stars  observed  by  him,  more  than  one  in  nine  is 
a  spectroscopic  binary.1  And  this  excludes  scvera]  object* 
suspected,  but  not  demonstrated  to  belong  to  the  same  class, 
and  makes  no  allowance  for  those  cases  in  which  the  orbital 
plane  is  so  nearly  vertical  that  movement  in  it  makes  no 
appreciable  spectroscopic  effect  He  has  then  good  reason  for 
holding  it  probable  "  that  at  least  one  star  in  fivr  or  six  will  bo 
found  to  be  a  spectroscopic  binary,"  aud  he  is  quite  prepared 
"  to  see  a  still  larger  ratio  established.  The  proven  existence," 
he  adds,  "of  so  large  a  number  of  stellar  systems  differing 
widely  in  structure  from  the  solar  system  gives  rise  to  a 
suspicion,  at  least,  that  our  system  is  not  of  the  prevailing 
type  of  stellar  systems.  The  new  field  of  astronomical 
research  thus  opemul  np  is  of  great  richness,  imd  nmv  well 
occupy  the  attention,  for  on  indefinite  period,  of  the  large 
number  of  observers  and  institutions  now  engaging  in  its 
development.  It  is  perhaps  unnecessary  to  say  that  Dm 
measure  of  success  attainable  is  dependent  upon  the  degree  of 
accuracy  realised  in  the  observed  velocities " 

The  Lick  results  in  this  branch  are  in  several  respects 
noteworthy.'J  They  show  tho  wido  diffusion  of  arrangements 
strange  to  experience,  if  admissible  in  speculation.  They  serve, 
by  the  variety  of  periods  which  they  indicate,  to  narrow  the 
lacuna  between  stars  directly  seen,  and  stars  inferred  from 
Doppler's  principle  to  be  revolving.  They  have  rendered  it 
obvious  that  no  generic  distinction  separates  the  two  classes. 
A  pair  revolving  in  2J  years,  like  tj  Pegasi,  cannot  be  set 
apart  fundamentally  from  B  Equudei,  with  its  period  of  5'7 
years.  It  is,  indeed,  clear  that  spectroscopic  and  telescopic 
binaries  differ  only  in  the  mode  of  their  observation ;  not  what 
they  are  in  themselves,  but  the  aspect  under  which  we  regard 
them,  has  caused  them  to  be  artificially  disconnected 
Already,  however,  a  tentative  beginning  has  been  made  with 
Capella  in  the  telescopic  observation  of  spectroscopic  couples; 
and  Fpectroscopic  determinations  of  orbital  speed,  long  a  de- 
sideratum for  visual  pairs,  have  been  tried  with  good  promise 

Antn-yh.  Jvurn.  vol.  xiii.  p.  89. 
1  S.*«-  A|»[-rndix.  TaUe  I!.,  for  a  list  of  the  tpectrotcopie  binaries  discovered 
down  to  the  middle  of  the  year  1902. 
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of  success.  Individually,  too,  the  detections  announced  from 
Mount  Hamilton  are  frequently  curious  and  suggestive. 
Thus  Polaris  claims  the  attendance  of  two  dark  companions ; 
while  the  bluer  component  of  *  Pegasi,  besides  circulating 
visibly  in  a  period  of  11*4  years,  circulates  invisibly  in  six 
days.  Again,  the  primary  of  the  classic  pair,  £  Ursje 
Majoris,  proves  to  have  a  variable  radial  movement,  the  condi- 
tions of  which  invite  investigation.  The  duplicity  of  v 
Sagittarii  is  significant  for  a  different  reason.  The  spectrum 
of  this  star  includes  bright  hydrogen  lines ;  it  was  uoted  by 
Miss  Maury  '  as  compound,  and  perhaps  mutable.  Motion-dis- 
placements, giving  a  velocity-range  of  about  twenty-five  miles 
a  second,  were  measured  in  it  by  Professor  CampK'll  in  1899  ; 
but  their  period  remains  undetermined,  as  well  as  the  extent 
to  which  they  are  shared  by  the  responsive  lines  of  the 
companion-spectrum.5  For  in  this  case  both  the  stars  are 
luminous,  and  both  show  absorption  of  the  helium  type.  The 
exceptional  constitution  of  v  Sagittarii,  indicated  by  its 
emissive  symptoms,  accentuates  the  interest  of  its  systemic 
relations.  It  should  accordingly  be  an  object  of  particular  and 
persevering  attention.  Indeed,  each  of  these  wonderful  pairs 
may  be  expected  to  develop  peculiarities  of  its  own,  demanding 
study  by  varied,  and  (>erhaps  recondite  methods. 

1   Harvard  Aniutl;  vol.  xxriii.  p.  104. 
1  OhMrwtory,  toI.  xxiil  p.  128  f  A.  M.  Clerkc). 
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ECLIPSING    HTAKS. 

Stellar  eclipses  arc  necessarily  included  among  the  pi 
menu  of  spectroscopic  binaries.  For  the  pianos  of  a  proportion 
of  these  Bystems  must  pass  through  the  earth,  with  the  re*olt 
that  the  circulating  bodies  occult  one  another  wh.-n  Tiny  .-ro<w 
the  lino  of  conjunction.  The  circumstance  is  particularly 
valuable  as  supplying  a  (latum  unattainable  with  the  spectro- 
scope for  star  couples  differently  cumlitionod.  The  rapid 
and  recovery  of  light  which  lAl  us  that  one  body  is 
in  front  of  the  other,  tell  us,  at  the  same  time,  that  they 
revolve  in  an  orbit  seen  edge  on — that  is  to  wiy,  making  an 
angle  of  90°  with  the  "  tangent  plane  "  of  the  sphere.  Radial 
velocities  ore,  accordingly,  measured  in  their  true  proportions, 
and  the  masses  of  stars  giving  double  spectra  become  strictly 
determinable.  The  duration  of  eclipse,  moreover,  indicates 
the  density  of  the  obscured  and  obscuring  globes ;  and  where 
the  dimensions  of  even  one  of  their  orbits  is  known,  it 
supplies  a  measure  for  their  actual  diameters.  Thus  precise 
evaluations  of  the  light-changes  and  radial  velocities  of  these 
singular  objects  go  hand  in  hand;  both  kinds  of  research 
are  equally  necessary  to  the  advancement  of  knowledge  con- 
cerning systems  which  are  peculiarly  interesting  because  they 
are,  more  than  any  others  in  the  sidereal  world,  accessible  to 
investigation. 

The  circumstances  of  stellar  eclipses  are  endlessly  varied, 
and  their  differences  are  full  of  meaning.  They  are  central 
when  the  orbit  is  directed  straight  towards  us ;  they  are 
partial  when  it  deviates  from  coincidence  with  the  line  of 
vision.     Then  the  interposing  body  may  be  dark  or  bright ; 
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it  may  be  larger  or  smaller  than  the  globe  behind  it 
Supposing  it  to  be  sensibly  obscure  and  the.  transit  cent  ml. 
tli--  eclipse  will  lie  either  total  or  annular.  The  first  case  is 
not  known,  although  quite  likely  to  occur;  no  complete 
periodical  disappearances  have  been  witnessed  The  second 
has  not  been  definitely  attested.  Its  inevitable  indication 
would  obviously  be  a  stationary  minimum.  While  the  two 
discs  are  superposed,  the  light  mast  remain  steadily  at  its 
lowest  level ;  and  if  the  eclipse  be  annular,  the  discs  are,  ip$o 
fatto,  superposed  during  an  appreciable  interval,  the  length  of 
which  bears  an  inverse  ratio  to  the  depth  of  the  obscuration 

While  a  bright  and  dark  pair  can  undergo  but  one  eclipse 
in  each  revolution,  two  are  the  portion  of  a  couple  radiant  in 
both  its  members.  If  they  are  alike  in  size  and  brilliancy 
and  pass  one  another  centrally,  the  eclipses  will  be  equal  and 
the  loss  of  light  one-half.  And  it  is  noteworthy  that  in 
nature  this  seems  to  be  a  somewhat  prevalent  arrangement. 
Several  systems  are  known  in  which  it  may  subsist;  spectro- 
scopic observations  can  peremptorily  decide  whether  it  does, 
in  fact,  subsist  or  not.  The  principle  of  their  decision  lies  on 
the  surface.  Eclipses  necessarily  take  place  at  points  of  the 
orbit  where  radial  motion  approximates  to  zero.  If  they  are 
duplicated  in  each  period,  the  cessation  of  movement  marks 
at  one,  the  transition  from  speed  of  approach  to  speed  of 
recession  ;  at  the  next,  the  turning-point  where  speed  of 
recession  changes  to  speed  of  approach.  A  minimum  of  light, 
that  is  to  say,  precedes  each  reversal  of  movement.  If,  on  the 
other  hand,  the  eclipses  are  single,  occurring  only  once  in  a 
revolution,  the  cycle  of  motion  to  and  from  the  eye  is  com- 
pleted in  the  interval  between  them.  The  criterion  is  thus 
absolute  aud  unmistakable;  only  the  faintness  of  the  stare 
impedes  its  general  application.  Where  unequal  eclipses 
alternate,  however,  the  spectroscope  is  not  needed  to  inform  us 
that  they  take  place  two  and  two  in  each  circuit.  They  axe 
then  evidently  due  to  the  mutual  occultations  of  disparate 
stars;  and  the  species  of  combination  they  indicate  is  fre- 
quently met  with.  It  is  varied  to  the  utmost,  as  might  be 
expected,  by  gradations  of  disparity,  in  the  production  of 
which  deficient  luminosity  may  concur  with  inferiority 
size,  or  be  partially  neutralised  by  its  superiority.     Thus 
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each  globe  in  its  tin  n  comes  in  front  of  tin*  other,  there 
results  a  double  aeries  of  eclipfw^  the  odd  ones  (dating  from 
a  fixed  epoch)  being  perfectly  similar  each  to  each,  but  differ- 
ing in  depth  and  duration  from  those  of  the  even  or  inter- 
mediate series. 

Further  diversities  arise  through  slight  tilting  of  the 
orbits.  The  corresponding  eclipses  are  partial,  even  to  the 
limit  of  evanescence,  when  the  star  discs  just  escape  con- 
tact. And  it  may  be  noted  that  the  second  eclipse  in 
each  revolution,  properly  belonging  to  a  luminous  pair,  may 
be  suppressed  where  the  path  traversed  is  at  the  same  time 
sensibly  inclined  and  considerably  eccentric.  Partial  eclipses 
are  doubtless  the  rule,  central  ones  the  exception ;  but  th»-ir 
discrimination  is  often  a  matter  of  some  delicacy.  Indeed, 
the  photometric  study  of  such  phases  is  an  art  in  itself,  the 
practice  of  which  demands  skill,  vigilance,  and  patience 
beyond  the  common.  The  aid  of  photography,  lately  eulisted 
for  it,  is  likely  to  enhance  its  security  and  precision. 

Eclipsing  stars,  once  more,  are  close  binaries  circulating 
nearly  in  the  line  of  sight.  Not  any  intrinsic  peculiarity,  but 
our  situation  in  space,  determines  their  special  character. 
Relatively  to  us,  they  are  periodically  variable,  as  Spica  or 
Castor  would  become  were  our  place  suitably  shifted.  Their 
changes  are  of  a  distinctive  kind ;  they  are  short,  sharp,  and 
decisive.  When  well  developed,  that  is  to  say;  for  photo- 
graphic photometry  may  ere  long  afford  the  means  of  detect- 
ing occultations  barely  adumbrated  by  a  drop  not  perhaps 
exceeding  one-tenth  of  a  magnitude.  All  members  of  the  class 
so  far  have  been  recognised  by  their  variation  in  brightness ; 
their  accompanying  circulatory  motion,  inferred  in  all  cases, 
has  been  verified  in  only  a  few.  The  following  list  gives  the 
designations,  periods,  and  phases  of  the  eclipsing  stars  with 
which  astronomers  had  made  acquaintance  down  to  the  end  of 
1902.     They  are  enumerated  in  the  order  of  their  discovery. 
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Cliandler'i  No. 

Nil  it 

PtrioJ. 

Light  Rant*. 

DnrthM 
vttomm. 

•  i.    -i.    i.i.  i*. 

W. 

in. 

h.  m. 

1090 

Algol 

2  20  48  65 

2-3  to 

8-4 

920 

310V 

S  Cmc  ri 

B  11  ::. 

8-2  ,f 

9-8 

21  30 

1411 

X  Tanri 

3  22  52  12 

3-4   ,, 

4  2 

10    0 

5374 

3  Libne 

2    7  51:3 

5  0  „ 

6-2 

12    0 

6484 

U  Coron» 

3  10  01  U 

7-*  » 

8*9 

9  42 

6544 

RS  Sacittarii 

2    9  68  36 

6-4  „ 

7-6 

10  40 

320 

U  Cephei 
U  Opnitiehi 

2  114038 

7'1  ,. 

9-4 

11    0 

0189 

0  20    7  43 

6-0  „ 

67 

5  20 

7488 

Y  Cygni 

1  1 1  57  26 

7M  ,. 

7-9 

B     0 

2610 

K  CauU  Majoria 

1    3  15  46 

5*9  » 

67 

5    0 

£940 

RAnc 

4  10  12  42 

0-9  „ 

8-0 

9  SO 

MM 

X  Carina 

0  12  50  30 

79  „ 

8*8 

6  30 

6144 

Y  BootM 

2  14  24    0 

80  „ 

8*0 

4    0 

3416 

3  Telornro 

5  21  24  35 

7-8  „ 

9 '3 

15  11 

6442 

Z  Hcrculis 

3  2350    0 

n-9  „ 

3-0 

6  36 

73l'9 

W  lii-Ipbiai 

4  19  21  12 

»■!  M 

121 

14    0 

6636 1 

KX  IIl-kuIm 

0  21  2">  83 

7  0  „ 

7 '8 

4    8 

2781 

K1  I'appii 

a  10  10  36 

»•!  n 

10*8 

17    0 

U»  Cygni 

4  IS  45    | 

B"»  „ 

1H 

13    0 

V*Cvpi 
R*  Vektruin 

fl    0    8  48 

10-8  „ 

12-8 

3707 

1  20  30    2 

10i»  „ 

109 

320 

6773 

ITScuti 

0  22  64     0 

91  „ 

9*6 

5    0 

7318 

UW  Cygni 

3  10  40  12 

10-5  „ 

120 

8  30 

9M7 

U  Sagitta? 

3    9  10  12 

«"*  >, 

91 

12    0 

7891 

UZ  Cygni 

31    7  17  46 

8"»  ,. 

11-85 

48    0 

RV  Lyr* 

3  14  22  23 

11*0   „ 

12-8 

14,  1902  Per*i 

3    1  21  32 

94  .. 

120 

■ 

Algol  (J3  Pereei)  is  the  model  eclipsing  star.  Goodricke's 
sagacious  conjecture  that  such  was  its  nature,  adopted  and 
developed  by  Pickering,  obtained  experimental  confirmation 
after  a  lapse  of  107  years.  Vogel's  spectrographs  showed  in 
1889  that,  previously  to  each  obscuration,  the  star  was  swiftly 
receding  from  the  earth,  while  recovered  brightness  was 
attended  by  a  somewhat  greater  velocity  of  approach.  The 
excess  is  simply  due  to  the  fact  that  the  system  is  travelling 
towards  the  sun  at  the  leisurely  pace  of  2  J  miles  a  second. 
The  true  orbital  speed  is  sensibly  uniform ;  accelerations, 
pointing  to  ellipticity  in  the  track  pursued,  have  not  been 
detected  One  eclipse  takes  place  in  each  revolution ;  the 
r<.  iijsi'u  body  ifl  to  J]  intents  and  purposes  a  gigantic  pUm-t . 
it  gives  no  perceptible  light.  The  sun  round  which  it 
circulates  is,  on  the  contrary,  peculiarly  brilliant  for  its  sise, 
partly  because  its  absorption,  being  of  the  helium  type,  pro- 
ineofl  little  or  no  mellowing  effect  upon  its  keen  white  rays. 
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Much  hoe  been  learned  about  the  system  formed  by  these 
contracted  globes.  Its  visible  member  travels  at  the  rate  of 
2 6 J  miles  a  second;  and  since  the  period  of  revolution  com- 
prises 247,735  seconds,  the  distance  of  its  centre  from  the 
•lit n-  ot  gravity  .-liAtly  tfDSjflde  1,000,000  nflu  Bh 
length  of  the  eclipse,  moreover,  gives  the  actual  sue  of  the 
star.  It  ha*  I  diameter  of  slightly  more  thun  1,000,000 
miles,  or  about  five-fourths  that  of  the  sua  The  dimensions 
of  the  satellite,  too,  are  approximately  known.  From  the  loss 
of  light  through  ita  interposition,  Professor  Pickering  in  1830  ' 
calculated  the  ratio  of  its  diameter  to  that  of  its  primary  to 
be  ae  764  to  1000.  The  ratio  should  be  increased  if  the 
transit  were  not  central,  which  it  does  not  appear  to  be.  For 
the  eclipse  is  not  annular,  since  there  is  no  pause  at  minimum  ; 
the  flow  of  change  is  oontinuous ;  the  turning  of  the  luminous 
tide  is  not  appreciably  dolayed ;  decline  is  immediately  suc- 
ceeded by  restoration.  The  orbit  is  not  then  level  with  the 
eye;  and  Mr.  Yendell  considers  that  an  inclination  of  7*  would 
agree  best  with  the  light -curve*  In  Vogel's  opinion  it  is 
such  as  to  imply  for  the  dark  body  a  diameter  of  830,000 
miles,  an  estimate  which  can  hardly  be  far  from  the  truth.' 
Admitting  with  him  that  the  two  stars  use  of  equal  denaity — 
possibly  a  hazardous  assumption — we  can  infer  their  masses, 
knowing  their  respective  volumes,  and  the  circulatory  speed 
of  one  of  them.  They  are  in  the  proportion  of  two  to  one, 
and  both  spheres  together  contain  two-thirds  as  much  matter 
as  our  sun.  They  are,  accordingly,  at  least  four  times  more 
tenuous ;  but  the  consequence  cannot  be  said  to  discredit  the 
postulate  in  view  of  the  extreme  rarefaction  characterising 
white  stars  in  general  and  helium  stars  in  particular.  The 
distance  of  Algol  from  its  satellite  (alwayB  on  Vogel's  hypo- 
thesis of  equal  densities)  is  3,230,000  miles,  leaving  an 
interval  between  their  surfaces  of  scarcely  more  than  2,250,000 
miles.  But  we  shall  find  that  even  closer  degrees  of  contiguity 
are  compatible  with  stability  in  the  mechanism  of  the  stellar 
heavens. 

The    period    of    Algol    has    long    been    known    to    vary 

1  Proc.  Airur.  AauUmy,  vol.  xvi.  p.  27. 

*  Popular  Astronomy,  Oct.  1897,  p.  806. 

SifzumjsUrichU,  Berlin,  28th  Not.  1889 ;  Attr.  JVaca,  No*  2W7,  2960. 
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minutely  but  continuously.  But  as  to  the  nature,  fan 
cause  of  these  inequalities  nothing  had  been  aa 
and  little  had  even  been  surmised,  prior  to  Dr.  Chandler *e 
discussion  of  Lheiu  in  1888.1  He  proved  them  to  be  slowly 
compensatory,  not  indefinitely  progressive.  Consistently  in 
advance  of  their  due  time  down  to  al>out  the  year  1804,  the 
obscurations  of  the  star  then  began  to  fall  behind  it,  and  the 
delay  had  in  1843  accumulated  to  156  minutes.  A  gradual 
process  of  restoration  thereupon  set  in,  and  the  normal  Bpoab 
was  reached  near  the  beginning  of  1873.  It  was,  howi-vn 
quickly  transcended,  for  acceleration  was  still  going  forward, 
and  may  not  attain  its  term  for  some  years  yet  to  come.1 
These  irregularities  are  evidently  comprised  in  a  cycl-  d 
considerably  more  than  a  century ;  they  can  scarcely,  for  that 
very  reason,  be  accounted  for  on  gravitational  principles ;  since 
a  third  body,  revolving  in  so  long  a  period,  would  l>e  too 
distant  to  perturb  markedly  the  movements  of  the  close  pair 
traversing  an  inner  circuit.  Dr.  Chandler  hence  resorted  to 
another  mode  of  explanation.8  He  proposed  to  account  fix 
the  alternate  anticipations  and  retardations  of  Algol's  eclipses 
on  the  principle  of  the  equation  of  light.  They  might  result. 
he  pointed  out,  from  the  description,  by  the  occulting  pair,  of 
an  orbit  bo  wide  that  the  transmission  of  light  across  it  takes 
close  upon  300  minutes.  The  star's  phases  would  then  be 
observed  too  soon  or  too  late  according  as  they  occurred  on  :li>* 
hither  or  the  farther  side  of  the  great  ellipse.  They  would 
be  shifted  by  turns  backward  and  forward  in  time  just  as 
are  the  eclipses  of  Jupiter's  satellites  while  the  earth  performs 
its  annual  circuits.  The  system  of  Algol  is,  on  this  view, 
triple.  Two  dark  masses  and  a  vividly  shining  one  unite  to 
form  it.  The  revolutions  of  the  eclipsing  pair  round  the 
common  centre  of  gravity,  which  is  at  a  distance  from  it  just 
equal  to  that  of  Uranus  from  the  sun,  are  accomplished  in 
■boot  130  years,  at  the  rate  of  2'7  miles  a  second.  Its 
BU  D  nbera  are  at  present  nearer  to  us  than  their  mean 
place,  and  their  occultations  consequently  forerun  the  mean 
times;  this  will  continue  until  towards  the  year  1934.  when. 


1   AMr.  Journ.  vol.  vii.  p.  l«fi. 

1  KnwUJft,  vol  xr.  p.  8«  (A.  M.  Cl.rke). 

9  Adr  Jour*.  No*  255,  25*  257. 
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on  the  passage  of  the  ascending  node,  a  coincidence  of  epochs 
shoidd  be  observed.  Two  other  criteria  ate  applk-ahle  la 
Cli.ui-llt  rV  theory.  If  it  be  true,  AL:"1'--  ipprOaaUflg  .-.y.-tf.-iiti. 
movoment  of  2*3  milee  a  second  should  disappear  within 
the  next  decade,  neutralised  by  Ottfttl  \mU  iiy  at  that 
time  directed  away  trow  the  aim.  Again,  the  wide  circuits 
performed  in  a  plane  supposed  to  make  an  angle  of  20"  with 
the  line  of  flight,  might  be  directly  traceable  as  undulations 
impressed  upon  the  straight  track  of  the  star's  proper  motion 
Minute  fluctuation*  of  position  simulating  the  looked-foi  WWu* 
have  indeed  been  observed ;  but  whether  they  are  merely  casual. 
or  re  prone  ut  iui  actual,  llmu^h  alinoM  rvaiir.-Mttit  ph«  i  i 
is  too  delicate  a  question   to  be  decided  offhand.1     Twenty 

y.ir<  honcc  th«  hotm  ">  dtamtaMa1  Bktj  taffi  daftntd  Ihsn 

selves;3  scarcely  hooiot. 

An  alternative  hypotbeeis  to  Chandler's  was  put  forward 
by  M.  Tiaserand  early  in  1895*  Rejected  by  the  former 
investigator  as  insufficient,  it  assumed  in  the  hands  of  the 
latter  an  extremely  plausible  form.  No  third  l*>dy  ia  de- 
manded by  it ;  a  slight  flattening  of  the  globe  of  Algol, 
together  with  a  moderate  degree  of  ellipticity  in  tin 
ita  satellite,  meet  the  needs  of  explanation.  The  combined 
effect  would  be  to  produce  a  alow  revolution  of  the  orbital 
major  axis,  occasioning  just  such  an  inequality  in  the  times 
of  conjunction  as  that  discussed  by  Dr.  Chandler;  and  the 
fundamental  postulated  cause  ia  likely  to  be  present.  Algol 
must  have  a  rapid  rotation ;  otherwiae  ita  system  could  not 
long  subsist.  That  is  to  Bay,  the  maximum  length  of  ita 
axial  period  is  2d  21\  the  period  of  ita  revolution.  This 
implies  an  equatorial  speed  of  13  J  miles  a  second,  and  a 
consequent  equatorial  bulging  of  very  considerable  amount. 
One  of  the  conditions  atipulated  by  Tisaerand  may  then 
\»e  granted,  and  the  second  can  acarcely  be  absent,  aince  the 
eccentricity  of  stellar  orbits  rarely  falls  short  of  the  degree 
required.  Verification  may  be  procured  by  the  spectroscopic 
detection  of  variationa  of  velocity  in  different  sections  of  Algols 

1  Itauschiiiger,    V.  J.   A.  A$tr.   Get.,  Jahrgang  xxix.  ;  Ch4te,  Attr.  Jour*. 
No.  218. 

1  Dow,  A-ir.  Journ.  No    343  ;  Yendell,  Pop.  A  Mr.  the,  1897,  p.  401. 
3  Compta  Jiiiulus,  t.  exx.  p.  125  ;  Bull,  Hoc.  A*r.  dt  Franc*,  1895,  p.  73. 
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path.  But  the  crucial  test  of  the  theory  is  of  the  photometric 
kind.  At  intervals  of  120  years,  if  it  correspond  with  (act,  the 
shortest  and  longest  rudii  of  the  ellipse  traversed  would,  owing 
to  the  progression  of  the  apsides,  alternately  point  towards  tlu- 
eurthi  In  the  first  case,  the  eolipges  would  he  abbreviated 
by  periastral  acceleration ;  in  the  second,  they  would  be  long, 
because  the  movement  at  apastron  should  be  slow.  Their 
duration  at  present  approaches  to  being  the  longest  possible . 
if  they  shorten  notably  from  1910  onward,  Tisserand't 
hypothesis  will  be  amply  confirmed,  while  their  failure  to  do 
so  will  compel  its  final  rejection.  Chandler's,  on  the  other 
hand,  will  remain  in  possession  of  the  field  should  the  alleged 
periodical  disturbance  of  Algol's  proper  motion  be  definitively 
established.  Thus  the  rival  theories  alike  wait  on  the  future, 
and  invito  the  award  of  events. 

As  the  upshot  of  a  careful  series  of  measurements  with 
the  Yale  heliomeber.  Dr.  Chase  '  ascribes  to  Algol  a  parallax 
of  0'035",  equivalent  to  a  light-journey  of  ninety-three  years. 
If  actually  so  remote,  it  gives  just  eighty  times  as  much  light 
as  the  sun  from  a  surface  not  very  greatly  larger,  but  fifty-two 
times  more  brilliant — an  inference  surprising  indeed,  but  not 
incredible. 

A  second  Algol- variable  was  recognised  by  Hind  in  1848.1 
Usually  of  8'2  magnitude,  S  CVtncri  loses  and  regains  more 
than  throe* fourths  of  its  light  in  21 J  hours,  divided  between 
8j  of  decline  and  thirteen  of  restoration.  The  dissymmetry 
of  the  phases  is  increased  by  a  remarkable  pause  in  the 
brightening  after  minimum,  as  if  a  secondary  cause  of  obscura- 
tion had  supervened.  Nor  should  it  be  forgotten  that  Schmidt 
observed  on  14th  April  1882  an  excessive  darkening  of  the 
star,  which  remained  for  a  whole  hour  sunk  nearly  to 
twelfth  magnitude.  The  period  which,  until  lately,  was 
the  longest  ascertained  for  any  member  of  its  class,  is  subject 
to  a  cyclical  disturbance  embracing  at  least  300  light-cycles.1 
The  deviations  of  the  computed  minima  sometimes  run  up 
to  forty  minutes.  It  will  be  of  great  interest  to  determine 
whether  they  imply  the  presence  of  a  third  attractive  body,  or 

1  Atr.  Jour*.  Ko.  318.  ■  A*r.  .Vac*.  No.  S04, 

*  Schrtnfeld,  V.  J.  8.  AHr.  £«.,  Jihrgang  ix.  p.  230  ;  Sim*,  Bd.  r.  i 
AigeUnder,  Btmnw  Jitcb.  Bd.  tu.  p.  397. 
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whether  spheroidal  deformation  will  sulTiee  to  account  for  them 
The  dimness  of  S  Concri  places  it  for  the  present  lieyond  the 
roach  of  useful  spectrograph^  research.  Its  density  ha*,  how- 
ever, been  calculated  by  Mr.  H.  N.  Kussell  of  Princeton 
University,1  from  the  ratio  between  its  period  of  revolution 
and  the  duration  of  the  eclipse*  suffered  by  it,  with  the  result  of 
showing  that  the  star  is  composed  of  materials  forty  times  more 
attenuated  than  those  of  the  sun  1     And  this  is  an  upper  limit. 

Shortly  after  Hind's  detection  of  S  Cancri,  Bnxend-ll 
found  that  its  peculiarities  wore  ■bared  by  X  Tauri,  a  radiantly 
white  star  of  34  magnitude.  Il«  eclijiaes,  as  in  several  Qlbor 
cases,  deepen  more  quickly  than  they  lighten.  They  occur  at 
intervals    of  3'1    23to,   and    lust    ten    h<»;"  n"t, 

indeed,  come  off  quite  punctually.  An  oacillatory  disturb- 
ance of  unknown  law  affects  them,  which  occasions  ■  errors  " 
from  the  computed  epochs,  amounting  at  times  to  three 
hours."  riassmann  regards  \  Tauri  as  continuously  variable.8 
He  noticed  in  1891  a  secondary  dip  in  brightness  fifty  bdBB 
after  the  chief  minimum,  besides  two  intermediate  maxima , 
and  the  Pullcowa  photographs  lent  in  18W74  some  purtiul 
countenance  to  his  views.  They  showed  the  spectrum  to  be 
occasionally  and  unciually  double,  the  fainter  rajs,  by  thttl 
relatively  large  displacements,  betraying  their  origin  from  a 
mass  greatly  inferior  to  that  of  the  star  characterised  by  the 
less  mobile,  and  more  intense  absorption-lines  they  accompany. 
Thus  M.  Plassmann  s  second  eclipse 6  is  real,  though  incon- 
spicuous. No  orbital  elements  have  yet  been  assigned  to  this 
star.  M.  Bllopolsky  regarded  his  materials  as  inadequate  for 
purposes  of  computation ;  and  indeed  the  movements  derived 
from  his  plates  were  of  a  somewhat  problematic  nature.  They 
greatly  need  elucidation,  which  it  ought  not  to  be  very  difficult 
to  supply.  The  spectrum  of  X  Tauri  is  of  pure  helium 
type.  The  calculated  density  of  the  pair  is  about  one-tenth 
that  of  the  sun. 

The  fourth  Algol  variable  is  an  all  but  perfect  timekeeper. 
The  phases  of  $  Libra?  have  been  watched  since  1858  without 

1  Astroph.  Journ.  vol.  x.  p.  317- 

J  SchunfeM,  JahraUricMl,  Mannheim,  Bd.  x\.  p.  76. 

■  BrnbacMnngen  Vcrandtrlidur  Sterne,  Th.  iii.  p.  Si. 

4  AMr.  Sack.  No.  3474.  »  Mm.  Brit.  A$tr.  Amoc  VdL  L  pp.  187,  26ft. 
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the  detection  of  any  assured  irregularity,     They  last  t\ 
hours,  of  which    5J   are  spent  in  a  decline  from  5'0  to  62 
magnitude,   and    6J    in    the   reversal    of    the    process.       The 
eclipsing  body  appears  to  be  wholly  obscure,  but   the  apt 
graphic  method  has  not  been  applied  to  the  system.     The  limit 
of  density  found    for  it  by  Mr.  H.  N.  Russell  is  one-tw< 
fifth  that  of  the  sun. 

The  phases  of  U  Corona?  are  very  similar  to  those  of 
Algol,  but  the  intervening  time  is  lunger — eighty-three  in 
lieu  of  sixty-nine  hours.  Each  pair,  too,  is  similarly  com- 
posed of  a  bright  and  dark  member,  and  their  mean  densiiy 
comes  out  nearly  the  same.  The  analogy  is  completed  by  the 
presence  of  a  variation  in  the  period,  evidently  akin  to  the 
disturbances  of  Algol,1  and  explicable,  doubtless,  on  an  identical 
principle.  U  Coronas,  however,  is  a  comparatively  hinl 
object ;  at  high  light  it  is  of  only  7'5  magnitude,  and  conse- 
quently offers  Bcant  facilities  for  research. 

The  eclipsing  system  designated  RS  Sagittarii,  dis- 
covered by  Gould  in  1874,  was  subjected  in  1896  to  exact 
inquiries  by  Alexander  W.  Roberts  of  Lovedale,  South  Africa.'' 
From  them  it  appears  that  the  coupled  stars  are  alike  in  size, 
but  so  unlike  in  lustre  that  one  gives  more  than  twice  as 
much  light  as  the  other.  There  result  two  unequal  minima 
in  each  revolution  ;  at  the  first,  the  combined  magnitude  of 
66  drops  to  76,  at  the  second,  to  69.  The  former  lias, 
besides,  a  duration  of  10h  40",  the  latter  of  only  seven  hours ; 
whence  the  orbit  is  found  to  have  an  eccentricity  of  025.  th? 
long,  deep  eclipse  occurring  at  apastron,  the  slighter  phase 
coinciding  with  the  rapid  sweep  through  periastron.  The 
intervals  of  time  from  each  to  the  next  are  of  24  I0h  very 
nearly ;  and  their  equality  implies  that  the  major  axis  of  the 
path  pursued  is  directed  towards  the  earth.  The  plane  of 
the  ellipse,  however,  must  be  somewhat  inclined,  since  the 
mutual  transits  of  the  globes  circulating  in  it  are  not  central ; 
and  the  amount  of  its  inclination  may  be  determined  when 
the  course  of  light-change  is  more  accurately  known.  The 
gravitational  period  (as  it  may  be  called)  is,  of  course,  double 
the  eclipee-period,  or  4d  20h ;  but  the  mass  of  the  system 

1  Clian.llar.  Attr.  Journ.  N- 
•  A*r.  Journ.  No.  873  ;  AMroyh.  Jo*m.  toL  it.  p.  SS7. 


Fi...  21.— Photometric  Cams  of  Algol  Yvtabtai  (Plcktrinf). 

At  Moscow,  in  1880,  U  Cephei  was  added  by  Ceraski  to 
the  Algol  family.  This  object  is  distinguished  by  the  abrupt- 
ness and  extent  of  its  changes.  In  four  and  a  half  hours  it 
descends  from  71  to  0*4  magnitude,  this  profound  obscura- 
tion lasting  for  about  two  hours,  after  which  brightness 
returns,  almost,  if  not  quite  as  quickly  as  it  departed.  The 
light-curve,  determined  photometrically  by  Professor  Picker- 
ing, is  shown  in  Fie.  21. 
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He  explain*  its  singularities  on  the  hypothesis  of  a  total 
eclipse  by  ft  large  eemi-obscnre  body,1  and  alleges  confirmatory 
evidence  in  a  barely  perceptible  secondary  minimum  corre- 
sponding to  the  transit  of  the  brilliant  over  the  dusky  globe. 
■•Her  and  Yendell,  nevertheless,  deny  the  reality  of  the 
minor  eclipse;9  and  Wilsing  vainly  endeavoured  in  1890  s  to 
bring  the  observed  phases  of  U  Cephei  into  harmony  with  any 
conceivable  form  of  the  occultation-theory.  And  the  star, 
by  its  falntncss,  evades  spectrograph ic  tests  for  motion.  Some 
increase  of  blue  absorption  is,  however,  stated  to  occur  at  iu 
minima ;  and  this  is  noteworthy  as  an  instance,  unique  among 
Algol  variables,  of  alteration  in  the  quality  of  their  diminished 
rays.  Irregularities  of  the  same  type  as  those  of  Algol  affect 
the  period  of  U  Cephei.  If  dependent  on  the  light-equation 
principle,  they  signify  the  description,  by  the  eclipsing  couple, 
of  an  orbit  larger  than  the  Saturnian,  in  a  period  of  between 
thirty  and  forty  years.'  Changes  in  radial  motion,  due  to 
deflection  in  this  wide  path,  would,  if  measurable,  lend 
authenticity  to  an  ingenious  speculation,  which  may  otherwise 
be  superseded  by  Tisserand's  hypothesis ft  of  a  revolving  major 
axis.  Mr.  Russell  finds  U  Cephei  to  be  a  considerably  more 
tenuous  body  than  AlgoL 

The  exceedingly  short  period  of  TJ  Ophiuchi — 20b  8™ — 
and  the  halving  of  its  light  at  minimum,  suggest  that  it  ■ 
composed  of  twin  suns,  alternately  occulting  one  another. 
The  period  of  revolution  would,  in  that  case,  be  twice  the 
lieriod  of  variation,  and  the  globes  would  have  more  room  to 
circulate  than  if  one  of  them  were  dark.  For  then  the  brief 
intervals  between  the  eclipses  would  represent  each  a  complete 
round  of  the  orbit,  and  the  duration  of  the  phases  would  imply 
such  close  proximity  of  the  bright  and  the  dark  stars  that  the 
gap  dividing  their  surfaces  would  scarcely  exceed  three-tenth* 
of  their  joint  radii.  Such  an  arrangement  is  possible;  a  u 
spectrographs  impression,  taken  five  hours  before  or  tfl 
minimum,  would  show  whether  it  actually  subsists.      If  it  do. 


1    fr<*.  Amtr    A**/,  vol.  EVi  |».  U.'O  |   A*tt    Vmk.  flo.  3X8t- 

1  Mr.  Journ.  Ko.  IOC  ;  Popular  Jstr.  Sept.  tS*7,  p.  Iflfc 

1    /'•  J.  S,  A$tr.  Q<*.  JkhrgaiiK  Oli    i)>.  ii.  ;   I'^-miaiH  Annual  JttfCwL 

4  CUudUr,  Attr.  Journ.  >'<*  1W,  294.  8W. 

'  TuMrand.  Bull,  tb  la  Sot,  Attr.  db  Franc*,  Man  169&. 
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tke  spectral  lm..*.;  will  bv  single,  though  shifted;  if  out,  thi-y 
should  appear  incipiently  double,  and  the  movements  indicated 
might  unhesitatingly  be  taken  to  In?  included  in  a  cycle  twice 
the  length  of  the  eclipse-interval. 

Discovered  by  Sawyer  in  1381.  L*  Ophiucbi  showed  to 
Chaadler'H  patient  scrutiny  individualities  truit  should  not  be 
passed  over.1  Thus  the  return  of  light  after  minimum  id 
interrupted  by  a  pause  similar  to  that  observed  in  S  Coutri. 
but  which  tend*  U*  Itevome  nMiterated  in  a  "  mean  curve.**  It* 
reality  has  not  been  established  photometrically  (aee  luv  SI 
but  may  ou&orge  with  the  application  of  finer  method*. 
The  circumstanco,  too,  is  worth  remark  that — again  like  B 
Cancri — U  Ophiuuhi  wus  onoe  caught  eight  of  during  an 
abnormally  obscure  phase.8  An  inequality  of  its  period,  coin- 
nrind  within  thirty-seven  to  forty  years,  further  noticed  by 
Chandler ,  is  perhajw  visibly  reflected  in  the  disturbance  of 
the  liter's  proper  motion. 

A  still  more  curiously  interesting  object  of  the  some  clou 
is  met  with  in  Y  CygnL  Hero,  at  least,  as  M.  Dum-r  virtually 
demonstrated  in  1892,8  eclipses  ore  duplicated;  two  occur  in 
the  course  of  each  revolution.  It*  phases,  first  recognised  by 
Chandler,  9th  December  1886,  range  from  7'1  to  7'9  magni- 
tude, and  are  completed  in  nine  hours.  But  they  were  soon 
perceived  to  recur  with  conspicuous  irregularity.*  Towards  the 
middle  of  1888  they  were  no  less  than  seven  hours  behind 
their  calculated  times,  which  shortly  afterwards  began  to  be 
largely  anticipated.  Perturbations  on  such  a  scale  had  never 
previously  been  betrayed  by  the  occultations  of  a  binary ;  and 
the  task  of  accounting  for  them  by  inequalities  of  light-trans- 
mission was  evidently  a  formidable  one.  The  problem  they 
offer  was,  however,  destined  to  receive  a  different,  and,  we  may 
add,  a  definitive  solution. 

When  Duner  came  to  discuss  the  results  of  his  own 
observations  at  Upsala  in  1891-92,  and  to  compare  them  with 
those  made  elsewhere,  he  was  at  once  struck  with  a  persistent 

1    Astr.  Journ.  Nr«.  1«2.  291. 
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discrepancy  between  the  odd  and  the  even  seta  of  miniuu. 
The  first,  third,  fifth,  and  so  on,  from  an  assigned  <  j 
obeyed  a  law  of  recurrence  quite  distinct  from  that  con- 
formed to  by  the  intervening  obscurations.  Thus  in  November 
1891,  the  intervals  from  an  even  to  an  odd  mini  mum,  and 
from  an  odd  to  an  even  minimum,  differed  by  no  less  tban  nine 
hours,  forty-three  minutes.  Clearly,  the  constant  sum  of  these 
discrepant  periods  gives  the  true  time -measure  of  systemic 
circulation.  Two  bright  bodies,  then,  eclipse  each  other,  and 
they  seem  to  lie  matched  "  to  a  hair  "  ;  their  eclipses,  moreover, 
must  be  central,  since  the  lues  of  light  amounts  to  just  one- 
half.  The  disparity  of  their  intervals  depends  primarily  upon 
the  eccentricity  of  the  orbit ;  secondarily,  upon  the  situation  of 
the  line  of  apsidea  It  vanishes  when  the  line  in  question 
points  directly  towards  the  earth  ;  it  attains  a  maximum  when 
it  is  viewed  at  right  angles,  for  then  the  right  and  left 
sections  of  the  eclipse  being  traversed  respectively  with  the 
least  and  greatest  possible  velocities,  the  succession  of  alternate 
occupations  reaches  the  limit  of  time-inequality.  DuneYs 
final  conclusions  regarding  the  system  were  expressed  as 
follows : — l 

"  The  variable  star  Y  Cygni  consists  of  two  stars  of  equal 
size  and  equal  brightness,  which  move  about  their  common 
centre  of  gravity  in  an  elliptical  orbit  whose  major  axis  is 
eight  times  the  radius  of  the  stars.  The  period  of  an  anomal- 
istic revolution2  is  2*996933  days,  and  the  eccentricity  is 
0145.  A  minimum  occurred  while  the  stars  were  at  j»eri- 
astron,  on  8th  December  1885.  The  line  of  apsides  of  the 
orbit,  which  then  coincided  with  the  line  of  sight,  completes  one 
revolution  in  the  plane  of  the  orbit  in  -11  "1  tropical  years." 

The  next  coincidence  of  the  kind,  if  the  above  elements 
are  correct,  should  take  place  in  1906.  The  compelling  cause 
of  the  orbit's  gyration  remains  to  be  investigated.  It  may  be 
found  in  disturbance  exercised  by  an  unseen,  exteriorly  revolv- 
ing mass  upon  the  conjoined  suns ;  or  their  own  spheroidal 
shape  may  be  solely  concerned  in  producing  it ;  the  question 
has  an  important  l>earing  upon  the  construction  of  all  such 
systems.     The  linear  dimensions  of  the  orbit  of  Y  Cy^ii  will 

1  A*r*pk.  Jattrn,  vol.  xL  p.  1W. 
*  I.e.  the  interval  between  one  j«rihelion  rn-Tfl-  and  tbs  neat. 
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uo'iUffltiounbly  be  determined  ere  long  with  the  spectroscope, 
whence  the  mass  of  the  bodies  travelling  in  it  will  at  once 
follow.  A  mean  density  less  than  one-sixth  the  solar  us 
ascribed  to  them  with  Home  confidence.1 

The  variations  of  It  Canis  Majoris,  detected  by  Sawyer  in 
1887,  have  been  traced,  as  it  were,  only  in  outline.  Their 
period  is  28h  16*  five  hours  of  which  are  occupied  by  the 
phases,  and  since  the  star  fades  to  half  its  normal  lustre,  they 
are  likely  to  be  conditioned  much  aa  are  those  of  V  Cygni. 
Two  similar  globes  presumably  undergo  them  in  turn,  mutually 
revolving  in  double  the  period  of  their  occultationa. 

The  character  of  K  Ane  was  noticed  by  Mr.  A.  W.  Roberts 
in  1891.*  He  conxiiler*  the  ivlipwrs,  which  ni:ur  once  in 
4d  1 0*,  to  he  not  always  of  the  name  depth  ;  but  this  symptom 
of  intrinsic  variability  in  one  or  both  of  the  transiting  stars 
needs  to  be  verified.     The  curve  :ii  minimum  ia  symmetrical 

The  nature  of  X  Carina* — auother  southern  variable  dis- 
covered by  Roberta  in  1892 — is  still  dubious.  It  changes  from 
7'9  to  86  magnitude  in  6h  39m,  and  remains  constant  only 
during  Qh  20m.  So  that  the  phaeue  extend  over  mora  than 
half  the  period  of  variation,  which  must  evidently  be  doubled  to 
give  the  period  of  revolution,  since  no  eclipse  can  possibly  have 
a  duration  of  more  than  one-half  the  occulted  body's  orbital 
circuit  The  alternate  minima  of  X  Carina)  are  thought  by 
Roberts '  to  be,  to  a  very  small  extent,  unequal,  and  to  succeed 
each  other  at  slightly  different  intervals.  If  this  be  so,  the 
system  is  composed  of  two  stars,  one  a  little  brighter  than  the 
other,  pursuing  a  nearly  circular  track  in  a  period  of  twenty- 
six  hours,  and  in  such  close  contiguity  that  the  times  during 
which  their  discs  overlap  are  longer  than  the  intervals  of  their 
apparent  separation.  The  actual  subsistence,  however,  of  this, 
or  some  analogous  arrangement  has  yet  to  be  proved. 

The  variations  of  Y  Bootis  are  also  more  or  less  enigmati- 
cal.4 They  are  limited  to  six-tenths  of  a  magnitude,  and  have 
a  period  rather  shorter  than  that  of  Algol  The  eclipsing 
character  of  this  eighth-magnitude  star,  suggested  by  Park- 

1  Ruasell,  Adroph.  Joum.  vol.  x.  p.  818. 

3  A$tr.  Joum.  Noe.  327,  868. 

3  li'id.  No.  383  ;  Adroph.  Joum.  toL  ir.  p.  272. 

4  Chandler,  "TbirJ  Catalogue  of  Variable  Stare,"  Adr.  Joum.  No.  87». 
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hurst  iu  1893.1  was  confirmed,  on  the  strength  of  a 
observations,  by  Ycndcll.  Chandler,  nevertheless,  expresses 
doubts  as  to  its  genuineness,  which  is  compromised  by  extra- 
ordinary anomalies,  hardly  amenable  to  explanatory  efforts. 
The  predicted  minima  do  not  always  occur,  arid  their  failures 
seem  capricious  and  inconsequential  Hut  if  they  depended. 
as  Parkhurst  thinks  they  must,3  upon  a  certain  critical  inclina- 
tion of  the  orbit,  causing  transits  to  be  occasionally  missed,  a 
law  of  periodicity  should  be  traceable  in  the  lapsed  phenomena. 

The  obscurations  of  S  Velorum  recorded  themselves  on  the 
plates  of  the  Cape  "  Durchmusterung,"  and  the  record  was  duly 
interpreted  by  Mr.  Ray  Woods  in  1894.a  They  are  marked 
by  the  same  peculiarities  as  those  of  U  Cephei,  and  prol»ably 
indicate  total  efface wents  of  a  radiant  sun  by  the  prolonged 
transits  across  it  of  a  voluminous,  but  dimly  shining  com- 
panion sphere,  the  diameter  of  which,  according  to  Roberts,4 
cannot  fall  short  of  half  the  distance  between  the  revolving 
bodies.  Their  respective  densities,  as  estimated  by  him,  are 
0*61  and  0"03  that  of  the  sun,fi  the  dusky  mass  proving,  on 
the  assumed  data,  to  lie  twenty  times  more  rarefied  than  the 
brilliant  one.  A  disparity  so  extreme  cannot  readily  be  ad- 
mitted as  reaL  If  only  the  star  could  be  elevated  on  the 
photometric  scale,0  the  taking  of  a  few  spectrographs  would 
at  once  acquaint  us  with  the  true  plan  of  its  system;  but 
its  faintuess — 78  magnitude — must  long  continue  to  baffle 
experiments  of  this  kind. 

A  modified  specimen  of  the  Y  Cygni  sub-class  is  met  with 
in  Z  Merculis.  Its  eclipsing  character  was  announced  iy 
Chandler  in  1894  ;T  about  a  month  later,  Hartwig  and  Doner 
independently  detected  in  it  a  double  sequence  of  disparate 
minima,  with  periods  respectively  of  forty-seven  and  forty-nine 
hours.  Hence  the  revolution  of  a  pair  of  unequally  bright 
stars  in  a  period  of  just  four  days  was  inferred  with  virtual 
certainty.6     In  M.  DuncYs  words,   "Z    Herculis   oonsista  of 

1  A4r.  Joum.  No.  826.  ■  Ibid.  Nc*.  829,  $84.  415. 

1  Monthly  FUUn,  rol.  It.  p.  211. 

4  A*t.  Jom.  No.  327  ;  A*ropk.  Jovrn.  rol.  iv.  p.  270. 

8  Ibid.  rol.  x.  p.  8U.  ■  Koelor,  MtL  vnL  L  p.  »I 

'  Attr.  Jtvtn.  Bo.  S2S. 

•  Attroj'h.  Jottrn.  role,  i  ]>.  tt»4  .  ill    p.  348  ;  A*r,  Jour*   K« 
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two  stars  of  equal  size,  one  of  which  is  twice  as  bright  as  the 
other.  These  stars  revolve  round  their  c*>mu- 
gravity  in  an  elliptical  orbit,  the  semi-mis  major  of  which  is 
ni\  times  tin*  diameti-r  of  the  .stars.  The  plane  of  the  orbit 
passes  through  the  sun,  the  eccentricity  is  0*2475,  an<l  the 
line  of  upsides  is  inclined  at  an  angle  of  4  to  the  line  ot 
sight."  The  chief  minimum  lusts  Gli  hours,  and  occurs  not 
far  from  apastron.  The  secondary  phase  is  hurried  through 
in  four  hours,  when  the  Htars  are  moving  with  nearly  Quit 
greatest  speed.  It  is,  however,  unlikely  that  this  relation  will 
continue  unchanged ; *  since  it  may  be  taken  almost  as  an  axiom 
that  orbits  so  conditioned  pivot  round  in  space,  turning  their 
longest  axes  successively  in  every  direction. 

The  first  Algol  variable  photographically  discovered  was 
W  U'lphini.  On  18th  July  1895,  Miss  Louisa J).  Wells  missed 
a  9*3  magnitude  star  from  a  Harvard  plate  exposed  26th  Sept- 
ember 1891  ,'  while  upon  seventy  -one  earlier  and  subsequent  ones 
it  was  normally  imprinted.  The  one  tell-tale  photograph  had 
been  taken  during  eclipse,  when  it  sinks  to  121  magnitude — 
that  is  to  say,  eleven-twelfths  of  its  light  are  cut  off  by  the 
interposing  body,  Pickering*  believes  the  latter  to  be 
jHirtmlly  luminous  and  very  large,  affording  prolonged  total- 
ities, but  the  photometric  curve  (see  Figure  21)  hardly 
warrants  this  assumption.  It  is  fairly  sharp  at  minimum,  not 
flat,  like  that  of  U  Cephei,  and  corresponds  better  with  a 
partial  occultation  by  a  wholly  dark  satellite  than  with  the 
central  transit  of  one  dimly  radiative.  The  period  is  not 
constant.4  Deviations  from  regularity  amounting  to  one  hour 
had  become  manifest  early  in  1898. 

The  phases  of  a  seventh-magnitude  star  (DM+  12°  3557) 
named  RX  Herculis  were  discovered  by  Sawyer  in  1898.* 
They  range  over  eight-tenths  of  a  magnitude,  and  recur  at 
intervals  of  211'  21m.  like  those  of  U  Ophiuchi,  they 
probably  indicate  the  revolution,  in  double  that  period,  of  two 
equal  stars ;  and  since  the  minimum  brightness  is  just  one- 
half  the  maximum,  their  mutual  occultations  may  be  total. 

'  Yendell,  ibid.  No.  S6fl. 
1  Harvard  Cirtulart,  No*  8,  4. 

1  A  air ■'>>' .  Joitrn.  vol.  iii.  p.  213.  *  Pickering,  ibid.  vol.  vii.  p.  33. 

1  Aitr.  Joun,.  Not.  447,  450  :  T,ui«t  Artr.  Xack.  No.  3596. 
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The  variability  of  K:  Puppis  (CPD-41'  1681),  notic. 
by  Professor  Kapteyn  during  his  inspection  of  the  Cape 
Durchmusterung  negatives,  was  verified  and  defined  by  Mr. 
Innes  in  1899.1  The  period  at  first  assigned  of  nearly 
thirteen  days  was  abridged  to  one-half  that  length  by  Mr. 
Roberts's  investigations.2  The  light  fades  at  minimum  to 
one- third  its  full  amount,  through  the  intervention  of  a  dimly 
luminous  mass. 

U3  Cygni  and  V2  Cygni  were  both  detected  by  Madame 
Ceraski  in  studying  photographs  of  the  sky  taken  at  Moscow.* 
They  undergo  analogous  changes,  investigated  at  Harvard  College 
in  1899-1900.4  Those  of  Ua  Cygni  are  remarkable  for  then- 
extent,  the  greatest  known  in  an  eclipsing  star,  unless  (which 
is  doubtful)  W  Delphini  should  be  bracketed  with  it  V* 
Cygni,  at  full  brightness,  ranks  Little  higher  thau  the  eleventh 
magnitude,  and  descends,  once  in  six  days,  nearly  to  the 
thirteenth.  It  is  thus  an  object  at  the  limit  of  detailed 
observation.  Innumerable  systems  of  the  same  kind  must 
lie  beyond  that  limit.  The  twenty-first  star  on  our  list — 
R9  Velorum — suspected  as  an  Algol  variable  by  Innes  in 
1901,  was  verified  and  investigated  by  Roberta.5  Of  the 
remaining  six  objects  enumerated,  U  Sagittie  was  found  by 
M.  Schwab  of  Ilmenau  to  vary  after  the  manner  of  U  Cej 
and  UZ  Cygni,  detected  by  Mrs.  Fleming  in  1902,  is  remark- 
able for  a  period  more  than  thrice  as  long  as  that  of  S  Cancri. 
UW  Cygni,  RV  Lyne,  and  the  still  unnamed  star  in  Perseus 
have  been  recently  discovered  by  Mr.  Stanley  Williams. 

Algol  variables,  without  any  recognised  exception,  show 
first-type  spectra.  They  are  either  helium  or  Sirian  stars. 
This  specialty  is  unaccountable,  and  may  perhaps  vanish  with 
the  widening  of  experience;  for  many  close  binaries  exempt 
from  eclipses  belong  to  the  solar  class,  and  no  reason  is 
apparent  why  those  happening  to  revolve  in  planes  coincident 
with  the  visual  ray  should  ditfer  in  quality  of  light  from  those 
revolving  in  orbits  variously  inclined  to  it.     Nor  is   it   yet 

1  Attr.  Jfmrn.  No.  468.  '  Attrapk,  Jours.  »oL  liii.  jv  1 1 

-  Attt.  Sock.  No*.  8572,  3657 ;  Pirkhurrt,  Astr.  J<mm.  No.  476. 

«  Harvard  Circulars,  Nw.  14,  4  7 

*  A*r.  J<mrn.  No.  608  ;   /Voc.  J2oyoJ  Socuty  «//  Edinburgh,  4th  Nov.  1001. 

•  AMr.  .VarA.  Not  J74*.  37flfi  ;  Attr.  J**™.  No.  C17- 
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quite  certain  that  the  eclipse-theory  accounts  for  certain  minor 
phenomena  in  the  stars  to  which  it  applies.  Thus  some  ol 
Hub  1 1  ~  I  it-curves,  as  drawn  visually,  are  mark™!  by  peculiar- 
ities incapable  of  being  explained  as  the  outcome  of  purely 
-!yn:iini*.'al  rvlalioiiK.  Thi*}  may,  lioWOTW,  M  mi;.  ftO  b> 
illusory  or  subjective;  their  reality  is  not  incontrovartiM 
Again,  the  exceptionally  low  minima  recorded  for  S  Cancri  and 
U  Ophiuchi  need  confirmation.  The  possibility  of  mistake  is 
not  excluded  so  long  as  each  remains  an  isolated  event. 

Throe  varieties  of  eclipsing  stars  may  be  distinguished. 
The  first  includes  bright  and  dark  pairs,  like  Algol  and  its 
companion,  revolving  in  Mightly  obliqoi  orbits.  One  partial 
occultation  takes  place  in  each  revolution.  The  ultimate 
association  which  they  present  of  bodies  at  opposite  extremes 
of  luminosity  is  not  a  tilth?  remarkable.  In  the  second 
variety,  exemplified  by  U  Cephei,  a  brillmnt  «tar  circulates 
round  n  larger,  but  far  less  lustrous  globe.  One  prolonged 
totality  marks  the  orbital  period.  The  secondary  minima, 
theoretically  inevitable  in  such  cases,  have  not  been  certainly 
observed  Vanishing  stars,  could  they  be  discovered,  would 
appropriately  illustrate  this  mode  of  construction  where  the 
contract  in  light-j»uwer  had  reached  its  limit  Finally,  the 
third  species  of  occulting  systems  consists  of  stars  undergoing 
nearly  equal  double  eclipses,  the  period  of  revolution  comprising 
two  periods  of  variation.  Y  Cygni  is  a  typical  example.  If 
the  loss  of  light  amount  to  one-half,  or  eight-tenths  of  a 
magnitude,  and  the  alternate  minima  be  of  the  same  intensity, 
the  eclipses  are  total ;  for  two  similar  stars,  one  is  temporarily 
substituted.  If,  owing  to  the  inclination  of  their  path,  they 
only  partially  conceal  one  another,  the  phases  will  be  slighter, 
yet  still  equal.  Their  disparity,  in  odd  and  even  series,  shows 
at  once  that  the  balance  of  luminosity  is  tilted ;  and  indications 
are  not  wanting  that  its  level  is  disturbed  rather  by  in- 
equalities of  intrinsic  lustre  than  of  shining  area. 

The  time-keeping  of  eclipse-stars  is  a  subject  demanding 
profound  and  persistent  study.  The  minutest  irregularities 
traceable  in  it  may  be  of  far-reaching  significance.1  On  what 
principle  they  should  l>e  explained,  is  still  largely  an  open 

1  Such   haw    recently   beeu   detected  by  Chandler  in  Algol,    Attr.  Joum. 
Km.  500,  511. 
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question.  Possibly  several  forms  of  action  conspire,  mo  in 
the  same  system,  to  produce  the  sum-total  of  their  deviations. 
In  no  case  has  the  presence  of  a  third  body  been  proved  ;  in  no 
case  have  perturbations  of  tho  ordinary  gravitational  typo  been 
suspected.  On  the  other  hand,  the  occulting  and  the  occulted 
globes  must  be  deformed  through  rotution ;  hence  one  true 
cause  for  the  observed  inequalities  falls  within  our  ken : 
whether  it  is  a  sufficient  cause  alone  remains  doubtful. 
Essentially,  however,  increase  of  knowledge  regarding  these 
marvellous  combinations  depends  upon  the  development  of 
spectrographs  methods.  Surely,  although  perhaps  in  slow 
succession,  they  will  yield  the  secrets  of  their  construction  to  a 
mode  of  inquiry  that  continually  gains  power  and  accuracy, 
and  is  capable  of  dealing  directly  with  the  most  recondite 
springs  of  celestial  mechanics. 


CHAPTER    XIX. 

SHORT-PERIOD    VARIABLES. 

Tux  limit  of  length  for  "short  periods"  of  stellar  variation  is 
conventionally  fixed  at  thirty  day*;  but  it  is  seldom  reached 
by  objects  of  typical  character.  Rapid  fluctuations  arc  alinoat 
always  accomplished  with  extreme  exactitude  Uitli  a.s  to  time 
and  amount  To  thia  rnle  there  are  very  few  exceptions,  and 
a  reason  for  it  is  not  difficult  to  find.  Variability  of  the 
kind  in  question  is  precise  because  it  originates  extrinsically. 
It  might  be  called  a  "  forced  vibration "  of  change;  Ita 
course  is,  in  some  way,  prescribed  liy  the  revolutions  of  a 
satellite.  No  more  curious  spectroscopic  discovery  has  been 
made  than  that  of  the  binary  nature  of  short-period  variables. 
By  it  a  breach  has  been  made  in  the  wall  of  mystery  sur- 
rounding stellar  light-change.  The  breach  has  not  yet  been 
mounted,  nor  is  it  quite  practicable ;  but  by  persevering  efforts 
it  can  be  gradually  widened  and  levelled. 

In  dealing  with  variable  stars  we  must  proceed  tentatively. 
The  subject  is  so  complex  that  no  intelligible  view  of  it  can 
be  gained  all  at  once.  A  unifying  principle  is  still  lacking. 
We  can  only  take  things  as  they  present  themselves,  noting 
differences,  tracing  partial  analogies,  and  arranging  into  some 
fashion  of  order  a  multitude  of  heterogeneous  examples.  Thus 
stars  fluctuating  in  short  periods  may  be  separated  into  three 
families.  The  first  has  &  Cephei,  the  second  f  Geminorum 
for  its  head,  and  their  members  may  conveniently  be  desig- 
nated Cepheid  and  (Jem  in  id  variables.  The  third  is  represented 
profusely,  but  almost  exclusively,  in  globular  clusters.  To 
begin  with  the  Cepheids. 

They  are  numerous  and  well  known.     Their  changes  are 
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continuous  and  of  moderate  amplitude,  but  proceed  unaym- 
metrically  as  regards  time.  The  rise  to  maximum  occuj-i. 
on  an  average  about  a  third  of  the  period,  or  half  the  time 
allowed  for  the  decline  from  it  to  Minimum.  Thin  retardation 
is  accompanied  by  an  inherent  tendency  to  a  second  maximum, 
sometimes  barely  indicated  as  a  pause  in  descent,  but  in  several 
eases  giving  rise  to  a  pronounced  "  hump  "  on  the  downward 
slope  of  the  light-curve.  The  variations  of  £  Cephei  range 
from  37  to  49  magnitude  in  5d  8h  47m  39",  of  whieli  1J  14h 
36m  suffice  for  the  phases  of  increase  The  spectrum  is  of 
the  solar  type,  and  does  not  change  with  the  brightness. 
Oscillatory  movements,  however,  of  its  constituent  lines, 
detected  by  Belopolsky  in  1894,'  betray  the  presence  of  an 
obscure  companion  revolving  in  the  light-period.  The  ellipse 
described  is  so  eccentric  that  the  companion-bodies  when  at 
apastron  are  three  times  further  apart  than  at  their  nearest 
approach ;  and  its  major  axis  deviates  only  by  two  degrees  from 
a  vertical  plane  passing  through  the  earth.  There  is  nothing 
indeed  to  show  that  it  may  not  be  highly  inclined  to  the 
corresponding  horizontal  plane.  The  orbital  level  is  undeter- 
mined, being  evidently  such  as  to  exclude  eclipses.  This  was 
unexpected,  but  it  is  certain.  The  criterion  is  simple.  Radial 
velocity  should  vanish  at  minima  if  a  transiting  globe  were 
concerned  in  their  production  ;  in  point  of  fact,  the  epochs  of 
least  brightness  precede  the  epochs  of  conjunction  by  a  full 
day.  The  system  of  8  Cephei  is  not  then  an  eclipsing  system. 
The  stars  variability  must  be  otherwise  accounted  for.  Nor 
would  it  be  easy,  without  abusing  the  licence  of  hypothesis,  to 
expound  it  as  the  result  of  occultationa  The  inducement  {•> 
make  the  attempt  ia,  at  any  rate,  removed  by  the  ascertain- 
ment of  their  non-occurrence.  Nevertheless,  tlte  coincidence 
of  periods  assures  us  that  orbital  revolution,  in  one  mode 
or  another,  prescribes  the  flow  of  change.  But  the  ideas 
so  far  entertained  on  the  subject  scarcely  bear  examination. 
Obviously  untenable,  for  instance,  is  Mr.  Roberts's  view  that 
the  companion  of  &  Cephei  is  raised,  by  the  heat  received  at 
periaatrou,  from  sensible  obscurity  to  a  nearly  equal  gnu: 
lustre  with  its  primary.1'     If  this  were  so  a  double  spectrum 

1  Attr.  A"-icA.  No».  3257,  3333  ;   Bull,  dc  VAtad,  St.  PaVrvfeury,  13.' t, 
348  i  AHroitk.  Joum-  toI.  L  jp.  ItfO,  2fl3.         *  AttropK.  Snr*.  »oL  ii.  p.  2*3. 
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should  be  observed  at  quadratures.  Again,  the  maximum 
should,  on  the  hypothesis,  fall  abort  of  twice  the  minimum 
brightness ;  actually,  it  exceeds  it  three  times.  Mr.  Robert** 
himself  adverts  to  these  objections,  but  holds  them  not  in- 
superable. Sir.  Eddie's  suggestion1  of  luminous  increase 
through  intensified  tidal  action  at  periastral  approach,  is  more 
plausible.  Bodily  strain  due  to  mutual  gravitation  would,  in 
so  eccentric  an  orbit,  gain  twenty-aeven-fold  efficacy  as  the 
bodies  moving  in  it  come  together  from  its  farthest  point ;  and 
the  processes  of  internal  rirvubitiou  might  possibly  rw  sufficiently 
quickened  by  the  disturbance  to  yield  a  largely  augmented 
output  of  light.  But  commotions  of  the  requisite  violence 
could  not  subside  with  perfect  regularity  every  five  days,  and 
they  should  inevitably  be  accompanied  by  gaseous  outbursts 
spectroftcopically  evident  Tliat  they  do  not  occur  may  be 
securely  inferred  from  the  one  circumstance  that  no  trace  of 
emissive  symptoms  is  met  with  in  trie  light  of  this  star.  As 
to  the  scale  of  its  system  we  are,  moreover,  completely  ignorant, 
and  are  hence  unable  to  estimate  the  absolute  power  over  its 
members  of  tidal  influences.  The  line-displacemeuts  of  the 
bright  star  acquaint  us  merely  with  its  rate  of  motion  as  pro- 
jected upon  the  visual  plane;  they  correspond  to  a  mean  orbital 
radius  of  620,000  miles,  the  real  path  being  perhaps  six  or 
eight  times  wider  than  that  spectroscopically  indicated,  while 
the  companion-ellipse  traversed  by  the  dark  satellite  may  be 
of  any  imaginable  size.  A  sapphire -blue  star  of  the  sixth 
magnitude  forms  with  B  Cephei,  which  has  a  golden  sheen,  a 
combination  resembling  that  so  beautifully  exhibited  in  & 
Cygni. 

The  variations  of  17  Aquike  are,  in  every  respect,  analogous 
to  those  of  B  Cephei.  They  have  the  same  range  of  1'2 
magnitudes,  and  a  somewhat  longer  period  of  7d  4*  14",  which 
they  divide,  in  about  the  same  proportions,  between  a  rapid 
increase  and  a  leisurely  decay  of  brightness.  The  abortive 
secondary  maximum  of  B  Cephei,  however,  develops  in 
17  Aquike  into  a  pronounced  recovery  of  lustre.  The  light- 
curve  shown  in  Fig.  22,  from  Dr.  Schur's  delineation,  renders 
the  duplex  phase  conspicuous.  The  binary  character  of  the 
star  w;is  detected  by  Belopolsky  in   1895/  and  he  computed 

1  Aatro)>h.  J.nirn.  vol.  iii.  p.  227.  *  find.  fol.  L  p.  ISO. 
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its  orbit  from  improved  spectrographs  data  in  1897.'  It 
proved  to  bo  of  nearly  the  same  apparent  size  as  that  ol 
6  Cephei,  and  the  conditions  of  revolution  were,  in  this  case 
again,  manifestly  inconsistent  with  the  occurrence  of  eclipses. 
Au  interval  of  two  days  was  found  to  separate  each  minimum 
from  the  ensuing  conjunction  of  the  bright  and  dark  spheres. 
Their  conjunctions,  accordingly,  are  not  transits,  since  they  are 
unaccompanied  by  any  diminution  of  light.  ■  Very  remark- 
ably," B&opolsky  writes,   "  the  same  state  of  things  is  present 


Fio.  1*.— LVbt-Curt©  of  »j  AqaH*  (8chur). 

in  the  variable  star  8  Cephei.  Hence  some  other  cause 
be  sought  by  which  the  variations  in  lustre  and  the  spectral 
displacements  of  these  two  stars  may  be  brought  into 
harmony." 

Mr.  W.  H.  Wright  of  the  Lick  Ol«ervatory  renewed  in 
1899,*  and  substantially  confirmed  the  Tulkowu  investigations. 
I  lit*  orbit,  however,  came  out  considerably  more  eccentric  than 
that  computed  by  his  predecessor,  and  he  located  its  major 
axis  somewhat  differently.  But  on  the  essential  point  for  the 
theory  of  the  star's  variability — the  impossibility  of  eclipses — 
they  agreed.       Fig.  23    reproduces   Mr.   Wright's  drawing  of 

1  Jdrvpk,  Jovrn.  f«L  »i.  r.  393  ;  BmU.  6  VAtnd.  ,U  St.  Ar«r*+«rr*  t  Hi. 
So.  4,  1W0.  *  jlttrepA.  Jtmrn.  »ol.  ix.  p.  5>. 
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the  ellipse  described  by  17  Aqnila*  round  its  invisible  com- 
paniou,  supposed  immovable  at  the  focus  (O).  Its  sit  nation 
ut  minimum  epochs  (marked  Miiu  in  the  figure)  obviously 
corresponds  to  nearly  the  highest  rule  of  speed  in  the  line  of 
fight,  and  to  a  comparatively  wide  visual  separation  of  the 
coupled  bodies.  The  periastrou  is  at  P ;  the  points  where  the 
secondary  phases  take  place  are  indicated  respectively  a* 
JfifU,  and  Max. .     They  are   unaocomjianied  by  irregularities 


¥Ji. 


Mi* 


P10.  28.-0rbil  of  q  AqailK  (Wright). 


of  movement.  In  fact,  neither  in  this  object  nor  in  the 
analogous  one  decorating  the  crown  of  Cepheus  is  there  any 
traceable  connection,  except  their  significant  agreement  in 
jK-riol,  between  the  flow  of  spectroscopic  velocity  and  the 
rise  and  fall  of  brightness.  The  spectra  of  these  two  variables 
are  quite  similar,  only  the  lines  of  ij  Aquilse  are  more 
diffuse.  Both,  too,  are  approaching  the  sun  at  uniform  rates 
of  about  fourteen  and  nine  miles  a  second  respectively. 
Finally,  Wh  are  subject  to  some  slight  disturbances  in  time1 
Those  of  tj  Aqoibe,  discussed  by  Dr.  Lockyer,'  have  an 
amplitude  of  rive  hours,  and  are  self-compensatory  in  a  cycle 
"('400  Hunt  periods. 

1  Chandler,  Third  Catalogue*  No.  8078  and  %oU. 
'  Jmtm.  Brit.  Astr.  Auoc  rot.  tH.  p.  471. 
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The  generalisation  is  a  tolerably  safe  one  that  all  Cepheid 
stars  are  binaries ;  bub  its  establishment  most  be  a  work  of 
time.  Those  of  the  shortest  periods  are  the  most  promising 
for  purposes  of  speetrographic  inquiry,  since  they  are  likely 
to  be  in  swift  circulation,  and  hence  to  show  conspicuous  line- 
displacements.  Negative  results,  however,  as  already  said, 
may  simply  imply  an  unfavourable  situation  of  the  orbits  . 
they  do  not  necessarily  indicate  the  solitary  condition  of  Hm 
stars.  A  few  examples  of  Cepheid  variables  are  given  below 
in  the  order  of  increasing  length  of  period.  Some  brief  de- 
scription of  the  peculiarities  of  each  follows. 


■UM. 

Uiuiu  Of  Chang*. 

Pprto* 

ik.IL 

R  Mubqc                                 ... 

S'fi  to  7*4  mag. 

0  31  10 

B  Trinnguli  Australia 

«*«  .,  8D    .. 

>    930 

STCyani        . 
T  Vulpeottl*             .... 

30  „  74     .. 

5  30  10 

5'6  „  «•&     .. 

4  10  38 

V  S&gitUrii . 

58  „  6«    .. 

8  18  31 

U  Sagiturii ..... 

7*0  „  S'S    „ 

8  17  48 

X  Sagiturii               .... 

40  „  6-0    ,. 

7     2  50 

W  3*gitUrii ..... 

4*8  ,,  D-8    .. 

7  14  10 

SSagitbe     . 

5'6  M  8-4     .. 

8    0    7 

X  Cygni        ..... 
W  Virginia    ..... 

•  '4  H  7-7     P1 

16    0  18 

87  „  10'4  „ 

17    6  30 

T  Monooeroti*           .... 

5'8  .,  8*2    „ 

27    0  18 

R  Muse*,  being  circumpolar  at  the  Cape,  can  be  observed 
to  advantage  only  in  southern  latitudes.  Once  in  twenty-one 
hours  it  doubles  its  light,  and  so  emerges  into  naked-eye 
visibility,  then  sinks  back  again  out  of  sight.  The 
occupies  just  seven  hours,  or  one-third  of  the  period — the 
normal  proportion  for  stars  of  this  class.  Evidence  of  rapid 
circulatory  motion  is  pretty  sure  to  be  elicited  by  speetro- 
graphic means. 

The  phases  of  E  Trianguli  Australia  were  noticed  by 
Gould  in  1871,  and  have  of  late  engaged  the  attention  of 
Roberts.  They  show  the  peculiarity,  surprising  in  a  Cepheid 
star,  of  being  uncertain  in  extent.  The  full  measure  of 
change  is  from  6*6  to  8  0  magnitude,  but  at  certain  maxima 
it  mounts  no  higher  than  6*3  ;  at  certain  minima  it  descends 
no  lower  than  7 '5   magnitude.      It   would  be  of  intereet 
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learn  whether  these  oppositely  incomplete  phases  occur  to- 
gether or  disconnectedly.  No  methodical  account  of  them 
has,  we  believe,  been  published.  The  increase  of  brightness 
in  E  Trianguli  occupies  little  more  than  one  quarter  of  the 
period 

The  light-curve  of  ST  Cygni  is  ■  humped"  liko  tliat  of 
£  Cephei.  About  forty -six  hours  after  maximum  the  decline 
is  stayed,  then,  u  briof  pause  ended,  resumes  its  course.  The 
interval  from  minimum  to  maximum  is  21 J  hours,  that  from 
maximum  to  minimum  seventy.4  The  variability  of  this 
Btar'mttdetMtod  at  Potwlnm  in  1896  by  fi.  MnhYr  and  I'. 
Kempt 

Tli'*  spectrum  of  T  Vulpeculaj  is  trinular  to  that  of  $ 
Cephei."  Its  changes,  discovered  by  Sawyer  in  1885,  consist 
in  a  rise  of  ono  magnitude  in  l4  7\  followed  by  Kubtudenee 
in  4d  3\  The  comparative*  brightness  of  the  star  brings  its 
movements  well  within  range  of  spectroscopic  investigation. 

Tin;  four  stuns  in  Sagittarius,  which  come  next  on  our 
list,  form  a  singular  group,  discovered  by  Schmidt  in  1866." 
They  are  included  in  a  space  of  about  ninety  square  degrees, 
and  all  vary  after  the  fashion  of  &  Ophei  in  periods  com- 
prised between  r>H  and  7'6  days.  Among  them  X  Ssgittarii, 
which  attains  once  a  week  fourth-magnitude  rank,  is  the  most 
conspicuous.  Its  spectrum  is  of  the  solar  type.  One  of  its 
associates,  U  Sagittarii,  distinguished  by  a  strong  orange  tint, 
is  the  centre  of  a  little  cluster.  Its  fluctuations,  upward  in 
2£,  downward  in  4^  days,  proceed  with  the  regularity  of 
clockwork. 

S  Sagittse  shows  the  retarded  decrease  and  inflected  curve 
distinctive  of  its  class.6  Yendell  considered  the  maximum  to 
be  double  (see  Fig.  24).  The  change  at  nunimnm  is  un- 
usually slow.  In  quality  of  light  the  star  was  found  by  Sir 
Norman  Lockyer  to  be  an  exact  match  for  8  Cephei. 

■  Attr,  Xuch.  No.  3483;  Luizvt,  ibid.   No.  3670;  Flanery,  A'wncUdt/t,    vol. 
xxiii.  |".  131  ;  Harvard  Circular,  No.  41. 

•  Sometime*  deni^tiated  SU  Cygni. 

J    Unk;er,  I"roc.  ttuyal  SocUt;/,  vol.  \\x.  p.   101. 

4  It*  fourth  number,  V  S^nuru,  waa  added  by  Sawyer  ill  1886,  Adr.  Joum. 
No.  ii*-*?  ;  YenHell,  A>f».  A*tr.  vol.  ii.  p,  364. 

•  Chandler.  Atir.  Joum.  Xath.  No.  2749  :  Yendell,  Adr.  Joum.  Noa.  167, 
•i'2\  :  J'vji.  Adr.  vol.  ii.  \:  '207. 
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X  Cygni  was  discovered  by  Chandler  in  1886.      It  rise* 
without  tail  in  6d  19h  to  6*4  magnitudo,  but  shows  an  incon- 
stant minimum  brightness,  sometimes  descending  to  7 '7,  at 
others    stopping    short   at    7*2    magnitude.      The    period    of 
16d  9Jh   is  not  known  to  vary.     The  star  is  quite  colourless; 
information  as  to   the   character  of  its  spectrum  is  not  at 
present  forthcoming. 

W  Virginis  is  uncertain  both  at  maximum  and  minimum. 
Its  highest  rise  is  to  8-7,  its  lowest  descent  to  10'4  magni- 
tude.    But  these  limits  are  far  from  being  always  reached ; 
phases  deficient  by  quite  half  a  magnitude  either  way  are 
often  observed,  and  seem  to  intervene  casually.     The  period, 
on    the   other    hand,  of    17d    6£h   is  strictly  conformed    to. 
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of  last  century  as  variable  on  the  model  of  £  Cephei.  Most 
generalisations  regarding  them  are  liable  to  lose  validity  by 
future  experience ;  but  then-  are  I  wo  properties  in  the  absence 
of  which  they  should  be  otherwise  classified.  In  all,  light- 
change  progresses  unceasingly ;  in  all,  it  advances  more 
rapidly  in  the  direction  of  increase  than  »f  decrease  An 
inclination,  more  or  less  accentuated,  to  pause  in  descent  is 
probably  connected  with  this  kind  of  dissymmetry.  Among 
their  other  distinctive  qualities  the  following  may  he  pro- 
visionally enumerated  : — ( 1 )  Their  spectra  are  of  the  solar 

(2)  They  are  binaries  revolving  in  the  periods  of  variation 

(3)  They  are  not  eclipsing  pairs ;  their  orbits  may  be  inclined 
at  any  angles  to  the  visual  plane.  (4)  Their  fluctuations  in 
lustre  are  unaccompanied  by  spectral  change.  (5)  Being 
nearly  devoid  of  proper  motion,  they  are  presumably  at  vast 
distances  from  the  earth.     They  are  then  giant  suns. 

Future  research  will  decide  whether  Cepheid  stars  are 
marked  off  from  ordinary  spectroscopic  binaries  by  any 
peculiarities  in  their  manner  of  circulation.  Are  their  orbite, 
for  instance,  in  all  cases  highly  eccentric  i  Is  there  a  fixed 
relation  between  the  situation  of  the  periastron  and  the  point 
of  lowest  brightness?  D<»  the  major  axes  revolve?  Above 
all,  what  differentiates  short-period  variables  from  revolving 
pairs  constant  in  light  ?  Why  do  $  Cephei  and  17  Aquike  show 
an  incessantly  changing  lustre,  while  Polaris  and  0  Ursse 
shine  steadily  ?  The  four  appear  to  be  of  analogous  consti- 
tution, and  to  suffer  no  diminution  by  eclipse.  What  form  of 
influence,  then,  is  it  which  acts  so  strikingly  upon  the  two 
former  objects,  while  leaving  the  two  latter  unaffected  ?  Un- 
doubtedly the  close  attendance  of  a  satellite  is  instrumental 
to  the  production  of  the  observed  changes  of  luminosity ;  but 
other  conditions  also  come  into  play— conditions  that  are 
absent  in  Polaris,  in  $  Auriga?,  in  a  Virginia,  in  0  Ursa?,  in 
0  Draconis.  What  is  their  nature  ?  Here  is  the  main  issue 
as  regards  short-period  variability. 


CHAPTER    XX 

siiort-pkriod   variables — Continued. 

The  second  family  of  short-period  variables  resemble  the  first 
in  the  continuous  nature  of  their  fluctuations.  They  are 
distinguished  from  them  by  the  symmetrical  apportionment 
in  time  of  those  fluctuations.  The  intervals  from  minimum  to 
maximum,  and  from  maximum  to  minimum,  are  almost 
exactly  equal  Not  very  many  such  stars  are  known.  First 
singled  out  aa  rarities  by  Dr.  Chandler  in  1896/  they  have 
for  their  exemplar  f  Geminorum. 

The  variations  of  this  star,  discovered  by  Schmidt  in 
1847,  carry  it  from  4*5  to  3-7  magnitude  in  five  days  and 
twenty-two  minutes,  and  back  again  to  its  former  level  in  a 
space  of  time  just  three  hours  longer.  The  difference  may 
be  called  negligible  Fig.  25,  A,  showB  the  representative  light- 
curve.  Its  undulations  at  present  succeed  each  other  without 
sensible  alteration ;  but  observers  of  an  earlier  generation  re- 
garded them  as  subject  to  disturbance.  Their  period,  accord- 
ing to  Argelandor,  was  ten  minutes  longer  in  1869  than  it 
had  been  in  1847  ;*  and  Schmidt  pronounced  the  fluctuations 
El  brightness  to  be  nearly  suppressed  in  1868,  and  irregular 
in  1881.'  Fresh  interest  was  imparted  to  the  history  of  th* 
star  by  B^lopolaky's  detection,  early  in  1898,  of  its  composite 
nature;4  and  the  discovery,  which  had  not  been  published,  was 
repeated  a  year  later  by  Campbell  at  Lick.  He  remarked 
besides  unaccountable  deviations  from  the  even  pace  of 
elliptical  progression,  established  as  genuine  by  critical  test- 
obeervationa.      Their    uature   will    be   seen    at  a   glance  by  a 

1  J*r.  J<mn.  No.  374.  •  B****r  JSm*.  W.  rii  p.  893. 

»  A*r.  Naeh.  Not  17 15,  2 1  JO.  "  JMft  No.  MA^ 
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reference  to  Fig.  25  ;  the  lower  curve  in  which  (R)  repreaanta 
the  radial  velocities  of  f  Ge-uiinorum.  The  unit  of  Ifau  b 
one  day,  the  unit  of  speed  five  kilometers  per  second.  A 
comparison  with  the  upper  curve  (A)  shows  that  the  period  of 
motion  agrees  with  the  [wind  «  l  light,  but  that  its  rato  varies 
oppositely  to  tlie  brightness — that  is  to  say,  the  star  is  moving 
rapidly  in  the  line  of  sijjht  just  when  its  minima  take  place. 
They  are,  accordingly,  not  due  to  eclipses,  which  should  eoin- 
■  uh  absolutely,  or  very  uppr«.iximat«'ly  with  Z'To  radial  wl'»itv 
The  relations  of  the  pair  are  made  still  clearer  by  Professor 
Campbell's  drawing  nf  the  orbit  deduced  from  the  velocity- 
curve  (see  Fig.  26).      It  represent*  that  of  the  bright  eom- 
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ponent  round  the  centre  of  gravity,  while  the  similarly  shaped 
path  followed  by  the  dark  star  must  be  larger  or  smaller  in 
the  inverse  ratio  of  its  mass.  The  ellipse  depicted  in  Fig. 
26  has  an  eccentricity  of  0*22;  PA  is  the  line  of  apsides, 
OE  the  line  of  sight.  Minima  occur  ld  7h  after  periastron 
at  the  |>oint  .If in. ;  and  since  the  companion  is  then  situated 
somewhere  in  the  direction  Om,  its  interposition  is  evidently 
out  of  the  question.  Recurring  now  to  Fig.  25,  B,  we  perceive 
that  the  heavy  black  line  connecting  the  points  determined 
by  actual  measurement,  pursues  an  undulating  course.  In 
Professor  Campbell's  words,  "  The  observed  velocity -curve  is 
alternately  above  and  below  the  elliptic  curve,  and  the  inter- 
sections of  the  two  occur  at  approximately  equal  intervals 
of  time.  There  arc  six  of  these  intersections,  corresponding 
to  three  complete  periods  or  cycles  in  one  period  of  the  light- 
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curve."  The  oscillations  showed  no  signs  of  mieruiiaeion 
during  fifteen  months,  and  assuredly  indicate  an  inherent 
peculiarity  of  the  eysteni.  They  might  be  formally  explained 
by  assuming  it  to  be  triple,  the  bright  star  revolving  in 
3d  9^-h  round  one  invisible  attractive  mass,  and  the  two 
together  in  10d  3£h  round  another  more  distant.  Rut  the 
arrangement,  as  Professor  Campbell  points  out,1  could  scarcely 
be  stable,  owing  to  the  commensuiability  of  periods,  and  the 
consequent  subversive  piling -up  of  disturbances,      Nor  is  it 


Pin.  W.—  Orbit  of  £  Grin  in  a  rum  (CaiBptvlI). 


easy  to  accept  the  idea  that  the  digressions  of  J  Geininorum 
from  a  mean  rate  of  travel  are  "minor  tidal  effects." 
Prolonged  and  diversified  researches  are,  in  fact,  needed  before 
any  promising  theory  of  them  can  be  formed. 

The  star  is  of  a  golden  yellow  colour.  Its  spectrum  is  a 
replica  of  that  of  6"  Cephei.  An  annual  proper  motion  is 
attributed  to  it  of  0*0165",  but  the  value  is  too  small  to  be 
altogether  reliable.  The  remoteness  of  this  problematic  system 
is  hence  unimaginably  great. 

The  following  brief  list  of  Geminid  variables,  with  some 
ensuing  comments,  will  serve  to  widen  the  reader's  acquaintance 
with  the  characteristics  of  the  species. 

1   Attroph.  Journ.   vol.  xiii  ji.  91 
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Tin*  variability  of  R*  CenUtui,  discovered  by  Mi  A.  W 
Roberts  in  1896,1  ia  slight  but  sure,  and  proceeds  by  ovetily 
measured  steps  of  increase  and  decrease.  Hie  period  is  the 
shortest  found  for  any  star  outside  the  precincte  of  a  cluster. 
With  its  companion,  should  it  prove  to  be  spectroecopically 
double,  R9  Centauri  must  form  an  exceedingly  close,  or  an 
enornioiudy  massive  pair. 

S  An t lid-  bore  for  eight  years  the  reputation  of  being  an 
Algol  variable.3  The  shortness  of  the  period  and  the  flatness 
of  the  curve,  conveying  On  impression  of  a  stationary 
maximum,  produced  a  deception  removed  in  1896  by  the 
Harvard  photometric  results.  They  showed  the  light-change 
to  advance  continuously  along  a  smooth  curve,  unbroken 
by  the  sudden  drop  indicative  of  an  eclipse.  It  is,  how- 
ever, marked  by  the  "  interesting  feature "  (in  Professor 
Pickering's  words3)  "that  the  time  of  increase  occupies  0*62 
of  the  entire  time  of  variation."  Here  then  is  an  ostensible 
case  of  dissymmetry  opposite  to  the  usual  kind.  But  the 
relation  was  stated  by  Mr.  Sperra  of  Randolph,  Ohio,  to  be 
inconstant,  and  he  deduced  from  his  observations  an  average 
equality  of  the  intervals  between  opposite  phases.4  This  is 
perhaps  the  essential  fact.  S  Antliae  is  a  white  star  with  a 
transition-spectrum 5  resembling  that  of  Procyon.  The  lines 
are  never  seen  double,  so  that  two  bright  components  cannot 
be  present  unless  they  revolve  in  a  plane  nearly  at  right 
angles    to    the   visual    ray.     But    line-displacements   due   to 

1  AAr,  Joum.  Nos.  378,  304  ;  Attropk.  Journ.  vol.  x.  p.  312;  A"al*re,  rol. 

lxiv  p.  4tfy.  '  Jstr.  Joum.  roU  ix.  pp.  180,  183,  190;  x.  p.  11. 

■  A*triph.  Juum.  vol.  ir.  p.  141.  *  Attr.  Journ.  No.  413. 

1  Pickering,  A<r.  .V*-A,  No.  3008. 
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motion  round  an  obscure  body,  may  possibly  be  detected  by 
the  application  to  this  curious  object  of  a  slit-spectroscope. 

A  small  star  in  Pegasus  was  noticed  by  Dr.  Chandler  in 
1894  as  apparently  subject  to  eclipses;  but  its  waxings  and 
wanings  proved,  on  fuller  inquiry,  to  be  without  pause.  A 
controversy  as  to  their  nature '  was  practically  terminated  by 
Mr.  Wendell's  measures  with  the  polarising  photometer  at 
Harvard  College  in  December  1897s  Their  upshot  is 
graphically  exhibited  in  Fig.  27.  Each  of  the  closely  set 
dots  through  which  the  curve  was  drawn  represented 
eighty  settings  made   on   eight  nights,  none  being   rejected 
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Fm.  t7.—  Photometric  Curve  of  U  PocmI  (TtelteriiiR). 

for  discordance.  The  crosses,  each  of  which  gives  the  avenge 
of  sixteen  settings,  embody  single  nights'  results.  The 
divisions  in  time  (abscissa?)  represent  intervals  of  thirty 
minutes;  the  divisions  in  brightness  (ordinates),  tenths  of  a 
magnitude.  The  complete  period  of  the  star  is  nine  hours 
less  nine  seconds,  but  it  is  nearly  cut  in  two  by  a  secondary 
decline  falling  short  of  full  minimum  by  only  0.15 
magnitude.  The  reality  of  this  trifling  difference,  com 
by  Chandler,  appears  to  be  substantiated  by  the  Harvard  data, 
and  Btawps  U  Pegasi  as  of  the  kindred  of  ff  Lyra,  the  premier 
short-period  variable.  A  mathcmatir.il  discussion  of  the  con- 
ditions of  U  Pegasi,  based  upon  the  eclipse- theory,  was  published 
in  1898  by  Mr.  O.  W.  Myers  of  the  Yerkes  Obeervat-;  \ 

is  valuable  as  an  authoritative  proposal  of  the  terms  demauded 

1  Chiodlor,  A$tr.  Jtrurn.  No*.  S68,  874.  12«. 
Fh.ro.trd  Circuior,  No*  23,  St  "  Adrafh.  Jtmrn,  vol  riii.  p.  !«]. 
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by  that  theory  under  the  -  en  u  uinstancea.  They  are  not 
wholly  unacceptable.  They  involve.  At  least,  do  contradictim 
of  any  known  law  of  nature ;  yet  they  ore  difficult  to  imagine 
realised.  The  system  must  obviously  be  composed,  if  its 
luminous  variations  be  geometrically  explicable,  of  two  bright 
bodies  revolving  almost  in  contact.  Indeed,  they  are  probably 
more  than  in  rimt'ut,  if  the  assumed  data  are  correct;  they 
interpenetrate  and  together  form  an  "  apioid,"  which,  accoi 
to  Poincare,  is  a  figure  of  equilibrium  for  rotating 
One  of  the  conjoined  globes  proved,  moreover,  to  have  a  radius 
about  four-fifths  that  of  its  primary,  and  to  be  loss  intrinsically 
brilliant  in  sensibly  the  same  proportion.  Their  revolutions 
in  a  period  of  nine  hours  afford  eclipses,  alternately  total  and 
partial,  at  intervals  of  four  and  a  half  hours,  the  orbit  heing 
viewed  by  us  edgewise.  Now  such  an  arrangement  aa  that 
indicated  for  U  Pegu&i  might  conceivably  prevail  in  an  em- 
bryonic binary  system.  It  would,  in  fact,  aucord  well  with 
Dr.  See's  views  as  to  the  evolution  of  double  stars ;  hut 
evidence  of  its  actual  existence  ia  still  a  desideratum.  Until 
affirmed  by  the  spectroscope,  it  must  be  treated  as  only  a 
speculative  possibility ;  and  the  example  of  f  Geminorum  is 
not  encouraging  to  the  oucultation- rationale  of  continuous 
variability.  The  time,  however,  is  not  far  distant  when  the 
decisive  motion-test  will  be  applied,  if  not  to  this  faint  object, 
at  any  rate  to  others  that  are  analogous  and  more  accessible. 

Some  few  of  the  variable  stars  in  clusters  belong  to  the 
Geminid  clasa  An  example  is  afforded  by  No.  24  in  the 
great  southern  star  globe  a>  Centauri.  One  of  five  or  six 
thousand  silvery  specks  crowded  together  into  the  "span  of  a 
man's  hand,"  it  yet  preserves  individuality.  Once  in  11*  5* 
it  puns  twofold  brightness,  then  fades  even  more  rapidly  than 
it  increased.1  The  changes  are  said  to  resemble  those  of  S 
Antliie.  If  occasioned  by  the  uninterrupted  mutual  eclipses 
of  equally  luminous  bodies,  a  mean  density  would  be  implied 
for  them  of  one-fifth  the  solar.  And  this  irrespectively  of 
their  mass.  In  a  system  composed  of  a  pair  of  globes  revolv- 
ing just  in  contact,  density  depends  solely  upon  period.,  The 
reason  is  easily  seen.      With  a  constant  period  the  mass  of 

1   Harvard   Circular,    No.    83  ;   Harvard  AnnaU,    rol,    xxxviii.   pp.    144,  ISO 
dUil.y;.  '  Cf.  Qtmrvatvry,  toL  u.  p.  &4. 
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a  system  varies  as  the  cube  of  the  distance,  and  in  the  same 
proportion  the  component  spheres  must,  if  they  remain  con- 
tiguous, vary  in  bulk.  Thus,  since  volume  and  mass  preserve 
under  these  circumstances  a  fixed  ratio,  density  is  the  same 
for  any  assignable  value  of  their  absolute  amounts. 

A  variable  star,  more  than  commonly  enigmatical  in  its 
procedure,  comes  next  on  our  list  Discovered  by  Mr.  Stanley 
Williams  in  1886,1  V  Puppis  fluctuates  between  4*1  and  49 
magnitude  in  a  period  fixed  by  Mr.  Roberts,  with  vigilant 
care,  at  17h  27m  13V  The  alternate  minima  are  slightly  un- 
equal, and  he  assumes  them  to  correspond  to  a  trilling  disparity 
in  brightness  between  the  members  of  a  mutually  occultine 
1  dumb-bell "  combination  revolving  in  double  the  light- 
period,  or  ld  10h  64jm.3  But  here  the  spectroscope  inter- 
venes. From  an  examination  of  spectrographs  taken  by 
Bailey  at  Arermipa,  Professor  Pickering  inferred  in  1896 J 
the  binary  character  of  the  star.  During  thirty -seven 
hours  at  a  stretch  it  shows  double  absorption  lines,  which 
then  close  up,  and  after  a  brief  interval  ojn-n  nut  > 
time  with  the  fainter  component  in  the  reversed  position. 
These  shiftings  to  and  fro  take  place  in  a  cycle  of  3d  2h  46*. 
and  indicate  a  relative  velocity  of  385  miles  a  second,  giving 
a  minimum  value  for  the  radius  of  the  orbit  of  16,500,000 
miles,  and  a  combined  mass  seventy-seven  times  that  of  the 
sun.  Have  we  then,  in  V  Puppis,  a  genuine  instance  of 
discrepancy  between  the  motion  and  light-periods?  Or  is 
their  eventual  reconcilement  probable  ?  Mr.  Roberts  has 
spoken  his  last  word  on  the  subject,  and  the  spectrograpbie 
data  seem  sure.  Yet  if  any  compromise  were  possible,  it 
should  be,  one  would  suppose,  by  subdividing  the  longer  period, 
not  by  extending  the  shorter  one.  The  anomaly  of  their 
discordance  is  too  flagrant  to  be  admitted  without  cogent  proot* 

The  variations  of  U  Vulpecube  proceed  equably,  acconling 
to  their  discoverers.  MM.  Miiller  and  Kempf,1  in  a  period  of 
eight  days.     M.  Luizet  of  Lyons  agrees,  and  regards  them  as 

1  A*r.  Sack.  No.  5410. 

*  Astr,  Journ.  No.  477 ;  Attroph.  Journ.  vol.  xiii.  pi  U7  |  Xntmrt,  12th 
flapumbar  ifiOi.  *  Bmrxar4  CHwwIar,  No.  si. 

*  Since  the  above  waa  written.  Mil*  A.  J.  Ctnuon  hat  mad*  the  bri*f  atat*- 
lutMit  {Harvard  Jnnai*.  vol.  xivi;i  p.  1 77 1  that  the  34"  pcrioii  mtuftm  all 
obwrvatiooa.  •  Mir.  JfoeA.  No.  8483. 
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strictly  conformable  to  those  of  f  (leminorunx1  The  Harvard 
measures,  nevertheless,  indicated  an  accelerated  incrwwu'  If 
it  be  substantiated,  the  star  should  rank  as  intermediate 
between  the  Cepheid  and  the  Geminid  families. 

The  instability  of  <l  Serpen  tin,  suspected  at  Potsdam  in  1 89 1, 
was  verified  by  Yendell  in  18f)4.a  Its  phases,  iu  determined 
by  him,  resemble  those  of  /3  Lyra?.  They  include  a  secondary 
minimum,  symmetrically  placed  between  two  equal  maxim*. 
The  spectroscopic  investigation  of  this  star,  which  never  descends 
so  low  as  the  sixth  magnitude,  should  present  few  difficulties, 
and  will  be  of  special  interest  from  the  side-lights  it  may 
throw  on  the  problem  of  the  Lyre  variable;  This  latter  sub- 
ject is  so  complex  as  to  demand  treatment  in  a  separate  chapter. 

Another  inviting  object  to  the  possessors  of  apoctrographic 
apparatus  is  the  southern  variable  k  I'avonia  It  run-  from 
3*8  lo  5*2  magnitude  in  a  period  of  nine  days  two  hours,  but 
by  gradations  lacking  distinctive  diameter.  Their  correlation 
with  .spectral  line-shiftings  might  serve  more  clearly  to  define 
their  nature.     Physically,  the  sUir  belongs  to  the  solar  family. 

Oue  of  the  many  singularities  connected  with  stellar  varia- 
tion is  that  it  takes  a  special  form  in  condensed  clusters.4 
Even  in  them  this  form  does  not  prevail  universally ;  sporadic 
cases  of  many  kinds  are  met  with ;  but  in  general  the  light 
change  of  aggregated  stars  has  the  following  characteristics. 
The  periods  are  extremely  short  They  average  half  a  day  in 
"  Messier  5,"  and  90  out  of  132  determined  for  the  component* 
of  <t>  Centauri  fall  below  twenty-four  hours.5  The  rise  to 
maximum  is  wonderfully  swift.  One-tenth  part  of  the  cycle 
is  about  the  proportion  claimed  by  it,  and  No.  45  a  Centauri 
increases  by  two  magnitudes  in  the  space  of  one  hour.  The 
minima  are  prolonged  dead-level  tracts.  In  other  words,  the 
variation  is  discontinuous.  It  might  be  described  as  a  sudden 
leap  upward  into  comparative  brightness  from  a  habitually 
low  state.  The  maxima  are  episodes,  foreign,  as  it  were,  to  the 
internal  economy  of  the  stars.  They  recur,  nevertheless,  with 
the  utmost  precision.  Hundreds,  nay,  thousands  of  successive 
periods  have  been  watched  without  the  detection  of  the  smallest 

;    Aitr.  Xttrh.   No.  3670.  ■  Harvard  Circular,  No.  41. 

A*tr.  Journ.  No.  331.  *  S.  I.  DaiUr,  Attrx/pk.  Journ.  rol.  x.  p.  257. 

S.  1.  Bailey    I  far  card  An-uiJs,  vol.  xxxriii.  p.  2u9. 
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gularity.     The  light-curves  of  two  stars  in  Messier  5  are 
?n  in  Fig.  28  from  Professor  Bailey's  drawings.     Each  has 
nge  exceeding  one  magnitude,  and  a  period  of  approximately 
lve  hours. 

flu  discovery  of  "cluster  variables"  oe  a  class  apart  was 
ie  by  Professor  S.  I.  Bailey  in  the  course  of  his  photographic 
k   at   the  equatorial   station   of   Harvard   College.       They 
rally  swarm  in  certain  groups,  while  in  others  they  occur 
itily  or  not  at  alL     An  isolated  southern  star,  S  Aj«.  the 
ractcr  of  which  was  detected  by  Innes,  and  has  been   in- 
igated  by  Roberts,1  appears  to  be  of  their  type.     Ordinarily 
^mating  near  the  eleventh,  it  springs  up  to  9'5  magnitude, 
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Fiu.  28.— UglU-Oiirrw  of  Cluatep Variable*  (Baflry). 

at  tho  rate  of  a  magnitude  in  twenty  minutes,  once  in  eleven 
hours.     U   Leporis,  over  which  Mr.  Innes   has   kept  watch, 
approximates  to  the  same  type.     This  mode  of  variation  u 
peculiarly  difficult  to  explain.     Eclipse*  will  not  here  serve 
out  turn ;  however  modified,  they  evidently  fail  to  meet  the 
requirements  of  the  situation.3     The  phenomena,  indeed,  to  a 
certain  extent,  invert  those  with  which  eclipses  are  associated. 
Instead  of  an  abrupt  Failure,  a  sudden  access  of  light  has  to  be 
accounted   for.      The  question  whether  such  stars  are  binaries* 
is  of  great    interest.     Cluster-components,  which  are   rarely 
brighter  than  the  thirteenth  magnitude,  can  indeed  scarcely 
be  expected  to  furnish  a  reply  to  it ;  but  something  definite 
on  the  point  may  be  learned  by  a  spectrograph^  appeal  to 
8  Arse.    The  direction  that  should  be  given  to  further  inquiries 
will  then  become  apparent. 

>  Monthly  tfoeuxt,  Wd.  Ixf.  p.  IfiS. 
1   Bailey,  Harvard  AnnaJi,  vol.  xxxvid  p.  834. 

CHAPTER    XXI. 
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On  the  10th  of  September  1784.  John  Goodrickc  of  York,  a 
deaf-mute  scarcely  twenty  yean*  of  age,  perceived  the  second 
brightest  star  in  the  Lyre  to  be  variable.  He  ascertained, 
farther,  the  main  features  of  its  light-rhange.  They  are  very 
peculiar.1  Four  phases  of  approximately  equal  duration  axe 
comprised  in  a  period  of  twelve  days  and  nearly  twenty-two 


01     I     I     1     (     M     M     I     10     II      II     II 
Fin   ?>.—  Light-Curre  of  fi  Lym  (ArgvUader). 


hours.  They  are  portrayed  in  the  symmetrical  curve  drawn 
from  Argelander's  observations  in  Fig.  29.  The  twin  maxima, 
situated  midway  between  the  principal  and  secondary  minima, 
are  of  absolutely  constant  brilliancy.  Constant,  too,  is  the 
chief  phase  of  obscurity,  so  that  the  compass  of  variation, 
from  34  to  4'4  magnitude,  is  a  fixed  quantity.  The  inter- 
mediate minimum,  however,  is  not  so  immutable.  Defect  and 
excess  are  occasionally  observed  in  it.  But  the  flow  of  change 
is  always  smooth  and  uninterrupted  Nor  is  there  any  pause 
iu  a  slow  lengthening  of  the  period,  which  has  progressed, 
during  the  last  hundred  years,  at  the  average  rate  of  about 

'  See  Kfwiciedge,  vol.  xtu.  p.  128  (A.  If.  Clerk*). 
22 
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one-third  of  a  second  at  each  recurrence.  That  the  disturb- 
ance will  prove  compensatory  can  scarcely  be  doubted ;  but 
the  law  of  restoration  is  not  yet  apparent. 

The  spectrum  of  0  Lyr*  is  dominated  by  helium.  I 
includes  members  of  all  the  six  series  emanating  from  that 
substance,  and  they  are  mostly  composite  aggregations  of 
bright  and  dark  rays.1  The  Huggins  series  of  hydrogen  is 
similarly  represented ;  among  metals,  calcium  and  magnesium 
are  prominent,  and  ten  dark  oxygen  lines  in  the  ultra-violet 
were  photographed  at  Tidse  Hill  in  1899.3  But  the 
special  characteristic  of  this  spectrum  is  its  variability. 
The  coupled  lines  are  neither  fixed  in  position  nor  constant 
in  structure.  They  shift,  they  split,  they  flash  and  fade; 
they  spread  into  diffuse  bands  or  contract  to  definite  fila- 
ments ;  and  this  in  obvious,  though  disturbed,  subordination 
to  the  light-period  of  the  star.  The  two  kinds  of  variation 
are,  to  some  extent,  mutually  dependent;  yet  they  are 
from  showing  a  strict  concurrence.  The  loose  and 
terminate  nature  of  their  relations  places  formidable  o 
in  the  way  of  investigating  either. 

Already,  in  1866,  Father  Secchi  noticed  bright  lines  in 
the  dispersed  light  of  &  Lyra,  and  Von  Gothard  was 
in  1883  with  their  unaccountable  fluctuations  of  visibility. 
But  the  complexities  they  presented  wholly  baffled  direct 
observation ;  their  unravelment  only  began  to  be  possible  when 
spectrographic  methods  became  fully  developed.  Through 
lira  Fleming's  examination  of  the  Harvard  plates,  it  was 
made  evident  in  1891  that  the  emission -rays  had  dark 
companions,  and  were  not  stationary  with  regard  to  them ; 
and  Professor  Pickering4  gathered  from  their  displacements 
the  probability  that  the  two  sets  belonged  severally  to  the 
unlike  components  of  a  close  binary,  revolving  synchronously 
with  the  ebb  and  flow  of  total  brightness.  He  estimated 
their  relative  velocity  at  300  miles  a  second  in  a 
circular  orbit,  with  a  radius  of  50,000,000  miles.  ThU 
hypothesis  is  beyond  question  founded  in  fact  The  star  u 
composite,  and   the  emissive  and  absorptive  elements  of   its 


1  float,  Aatrcph.  Jaun.  toI.  ii.  p.  *S3.  »  A*r.  A*«A.  No.  SMS. 

1  Huiory  of  AMr<mony,  4th  od.  ]>.  37»  (A.  M.  C1«k«). 
4  A*r.  tficA.  No.  SOU. 
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spectrum  shift,  ou  the  whole,  oppositely ;  each  battalion,  ilk 
Mr.  McClean  has  indicated,  moves  as  a  unit,  and  in  a 
contrary  sense  to  the  other.  To  distinguish  them  ought  then 
to  be  a  simple  matter.  The  differently  affected  lines  ought 
of  themselves,  one  might  expect,  to  declare  their  separate 
origin,  Difficulties  well-nigh  inmijH-ruhlt*,  nevertheless,  Ih-set 
the  interpretation  of  this  spectrum.  Their  main  source  is 
this.  The  constituent  linos  do  indeed  oscillate  through 
motion,  but  they  are  subject  to  further  influences  of  a  more 
complex  kind,  and  of  a  barely  conjeeturable  manner  of  work- 
ing. The  various  species;  uf  change  are  hence  entangled  and 
disguised  to  a  bewildering  extent ;  and  totally  divergent  views 
have  been  expressed  as  to  the  proper  upportionmcut  of  the 
spectrum  between  the  bodies  jointly  originating  it  Sir 
Norman  Lockyer  attributes  the  absorption  lines  to  a  pair  of 
"Orion"  ptars,  unequally  mivaiiml  in  devrloptimnt.1  with 
a  relative  velocity  of  156  miles  a  second;  and  the  addition 
of  a  bright -litK-  couiixmion  is  an  implied  necessity  of  his 
scheme.  Air.  McClean3  demands  a  dark-line  and  a  bright- 
line  component,  mutually  circling  at  a  speed  of  400  miles  a 
second.  Miss  Maury  considers  that  three  st*rs  must  be 
engaged.2  Dr.  Vogel  *  and  Father  Sidgreaves,6  although  they 
have  investigated  the  spectrum  in  detail,  make  no  attempts 
at  its  analysis.  M.  Belopolsky,  by  minimising  the  scope  of 
attack,  made  a  substantial  advance  towards  the  solution  of 
the  problem.0  He  dealt  with  only  two  lines — the  absorption 
ray  of  magnesium  at  \  4482  and  the  brilliant  F  of  hydrogen  ; 
but  succeeded  in  establishing,  it  might  be  said,  incontrovertibly, 
their  separate  production  from  conjoined  bodies  dissimilarly 
constituted.  The  magnesium  line  is  better  adapted  for 
measurement  than  most  of  the  spectral  elements  of  £  Lyne ; 
it  is  subject  to  only  moderate  alterations  in  width  and  defini- 
tion, and  determinations  of  its  motion-shifts  afford,  accordingly, 
consistent  results.  From  them  Belopolsky  has  calculated  the 
orbit  of  the  originating  globe,  which  may  be  identified  with 

1    A  sir.  and  J  ttropkyiia,  vol.  xiii.  p.  676. 

3  Monthly  Xoticti,  vol.  IviL  p.  6 ;   Oi*ervaiory,  toL  zx.  p.  87. 

3   Harvard  AnnaU,  vol.  xzTui.  p.  108. 

4  SUzungsberichU,  Berlin,  8th  Feb.  1894, 

»  Monthly  Notices,  vols.  Ht.  p.  9«  ;  ML  p.  618. 

•  Memoric  dtgli  Sptttroteopigti  Italian^  U  xxvl,  June  1897. 
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Lockyer's  Rigel  star.  He  found  it  to  be  but  slightly  t 
(?:=0'04);  the  mean  radius  (supposing  the  plane  to  oofnotde 
with  the  line  of  sight)  is  15,000,000  miles;  the  system 
is  advancing  towards  the  sun  at  the  rate  of  seven  miles  a 
second,  and  the  times  of  zero  radial  velocity  agree  so  m-.uh 
with  the  epochs  of  minimum  as  to  lend  countenance  to  the 
eclipse-rationale  of  light-failure.  A  second  orbit  was  then 
computed  —  though  far  less  securely — for  the  component 
showing  bright  F,  each  being  described  round  the  common 
centre  of  gravity.  It  proved  to  be  about  half  the  size  of  the 
former,  which  implied  that  the  body  travelling  in  it  (designated 
A)  was  twice  as  massive  as  the  companion  (B).  It  poiiMWi, 
in  fact,  the  gravitating  power  of  eighteen,  the  latter  of  nin*> 
suns.  Nevertheless,  the  principal  minimum  corresponds  to 
the  obscuration  of  the  minor  globe,  while  at  the  secondary 
phase,  the  primary  star  is  the  one  partially  occulted.  The 
bright- line  star,  A,  must  then  be  much  less  luminous  in 
proportion  to  the  quantity  of  matter  it  contains  than  the 
dark-line  star,  B.  This  does  not  appear  probable,  but  it 
cannot  be  pronounced  impossible. 

On  the  whole,  Bilopolsky's  results  are  plausible,  and  the 
basis  they  rest  upon  is  solid,  if  narrow.  Yet  the  development 
of  their  consequences  leads  to  a  network  of  perplexities. 
The  star  A,  characterised  by  hydrogen-emission,  can  he  no 
other  than  Lockyer's  second  dark -line  star — that  resembling 
Bcllatrix ;  but  if  so,  "  the  bright  bands,"  as  Miss  Maury  says, 
"  have  a  residual  motion  of  their  own,  which  places  them 
sometimes  towards  the  red,  and  sometimes  towards  the  violet 
end  of  their  own  system  of  dark  lines,  and  at  other  times  up*  in 
the  lines  of  one,  or  both  sj>ectrii.n  Yet  the  suggested  tzxplfl 
combination  is  inadmissible.  The  presence  of  a  third  body 
would  require  the  introduction  of  a  second  period,  and  of  this 
no  trace  is  discernible.  The  spectral  phenomena  are  in  many 
ways  abnormal  and  unaccountable,  but  in  the  long  run  tlnv 
conform  to  the  single  and  nearly  uniform  time-measure  of 
the  system,  and  preserve  a  modified  fidelity  to  the  course  of 
its  light-change.  Gravitational  disturbances,  too,  might  be 
expected  to  betray  the  influence  of  an  extra  member,  and 
none  have  beeu  detected;  for  the  slight  retardation  DM 
going  forward  is  otherwise  explicable     We  seem  prohibit*] 
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from  carrying  the  subdivision  of  £  Lyra  any  further  than 
into  a  pair  of  globes,  exemplifying  distinct  varieties  rjf  the 
Orion  spectral  ]  altera,  one  or  both  vivified  by  a  range  of 
bright  lines. 


Kit..  30.— Sjrittm  of  fi  Lym(MTwi). 

An  effort  was  made  by  Mr.  G.  W.  Myers  in  18971  to 
bring  this  star's  variations  within  the  explanatory  scope  of 
the  "  sit  tell  ite- theory."  By  suitably  combining  effects  of 
octultation  with  effects  of  tidal  deformation,  he  showed  that 
the  observed  periodicity  could  be  represented  with  the  satis- 
t.ictory  exactitude  conveyed  in  the  upper  section  of  Fig.  30, 

1   Asttvph.  Jour*.  Vol,  rii.  p.  1. 
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the  lower  section  of  which  exhibits  his  plan  of  the  su] 
orbit  and  its  egg-shaped  occupants.  Evidently,  when  they 
seen  broadside  on  there  is  full  light,  while  a  minimum 
attends  an  nul-on  view  of  them.  And  this  altogether  apart 
from  possible  eclipses.  If  these  occur  as  well,  the  effects 
reinforce  each  other ;  while  those  due  to  the  gradual  turning  of 
the  discs  soften  off  the  abruptness  of  occultatiou-phosee,  and 
thus  serve  to  give  the  light-curve  its  smooth  character. 
The  mutually  eclipsing  spheroids  must,  however,  be  extremely 
close  together,  if  they  do  not  actually  coalesce.  Combining, 
on  the  questionable  assumption  of  their  congruity,  the  dis- 
placements of  F  measured  by  Btdopolsky  with  those  attributed 
by  Lockyer  to  three  dark  lines,  Mr.  Myers  found  the  masses 
of  his  two  stars  to  be  respectively  twenty-one  and  ten  (nearly) 
in  terms  of  that  of  the  sun,  and  determined  the  radius  of 
their  joint  orbit  at  31,000,000  miles.  Their  mean  density 
proved  to  be  lower  than  that  of  air  at  sea-level,  and  suggested 
a  "  nebulous  condition."  Indications  were  even  discerned  of  a 
process  of  separation  between  the  components,  scarcely  yet,  or 
just  recently  accomplished.  "  In  either  case,"  Mr.  Myers  adds, 
■  we  seem  to  have  here  the  first  concrete  example  of  a  world  in 
the  act  of  being  born."  And  it  cannot  but  be  noted  with  pro- 
found interest  that  ■  an  attempt  at  a  formal  representation  of 
the  condition  of  things  prevailing  in  the  system  of  fi  Lyne 
leads  to  the  assumption  of  a  single  body,  such  us  Poiucar^'s  or 
Darwin's  figures  of  equilibrium." 

Yet  the  "  formal  representation  "  in  question  is  difficult 
to  accept  as  a  physical  actuality.  The  extreme  tenuity 
attributed  by  it  to  a  star  shining  with  vivid  lustre  almost 
defies  credence,  yet  is  an  inevitable  consequence  of  the 
satellite  -hypothesis  of  variability.  Where  there  is  no 
halt  in  change,  there  can  be  only  a  transient  cessation  of 
eclipse,  and  the  revolving  globes  must  be  virtually  in  contact 
But  under  these  circumstances,  their  density,  as  we  have  seen, 
is  a  function  of  the  period  alone;  and  thirteen  days  is  long 
compared  with  the  nine  hours  of  U  Pegasi,  for  which  star  the 
upshot  of  a  similar  experimental  investigation  has  \xxu 
recorded.  This  theory,  moreover,  takes  account  only  of  the 
optical  changes  in  £  Lyne.  Occultation-effeots,  distortion- 
effects,  and  motion-displacements  of  spectral  lines  are  of  thii 
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kind.  They  imply  no  intrinsic  alteration.  They  arc 
compatible  with  an  absolute  constancy  in  the  state  of  the 
system ;  they  depend  merely  upon  the  visual  relations  to  our 
selves  of  the  bodies  forming  it.  They  are  accordingly  culcnl 
able  and  measurable.  Exactly  what  sort  and  amount  of 
fluctuation*  they  are  capable  of  producing,  can  be  ascertained 
from  given  data.  But  with  the  physical  influences  of  close 
duplicity  upon  radiation  we  have  only  a  (speculative  acquaint- 
ance. And  in  the  present  case,  those  that  might  l>e  doe  to 
unequal  tidal  disturbances  are  excluded  by  the  circular  shape 
necessarily  Hscril>ed  to  the  path  of  a  star  noted  for  the 
equal  duration  of  all  its  phases.  Intrinsic  variations  in  its 
spectrum  are,  nevertheless,  glaringly  apparent,  and  they  tend 
to  recur  cyclically  in  just  thirteen  days.  Wa  spare  our 
readers  the  tiewildennent  of  their  minute  description,  asking 
them  instead  to  fix  their  attention  on  a  few  salient  points. 

Let  as  consider,  for  instance,  the  spectral  symptoms  at  the 
critical  epoch  of  chief  minimum.  Almost  as  a  matter  of 
coarse,  the  continuous  radiance  has  faded  ;  sixty  per  cent  of  it 
is  intercepted  or  otherwise  suppressed.  This  is,  in  fact,  the 
essential  cause  of  the  falling-oiT  in  brightness.  What  is  dis- 
tiuctive  is  that  the  emission-lines  have  Income  narrower, 
sharper,  and  fainter  than  usual ;  they  are  considerably  shifted 
towards  the  red,  and  strongly  developed  dark  companions,  in 
their  normal  places,  are  attached  to  their  more  refrangible 
sides.  Now  the  downward  shove  of  the  whole  range  of  bright 
lines  is  either  due  to  motion,  or  it  is  not  If  it  is,  the  emit- 
ting body  is  travelling  rapidly  away  from  the  earth  at  the 
time  of  the  supposed  eclipse,  which  must  accordingly  be  dis- 
missed as  fictitious.  If,  on  the  other  hand,  the  alteration  of 
wave-length  denotes  physical  action  of  some  kind  in  the 
atmosphere  of  the  star,  then  inferencee  as  to  its  orbital 
revolution,  since  they  have  only  a  spectroscopic  warrant,  are 
highly  precarious.  The  possibility,  to  be  sure,  may  be 
admitted  that  the  dark  lines  shift  optically,  the  blight 
lines  physically  and  optically;  but  the  distinction  has  an 
air  of  arbitrariness  which  does  not  recommend  its  confident 
adoption. 

Another  significant  circumstance  is  that  the  spectral 
appearances    at  the  secondary  minimum  and  at  the  ensuing 
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maximum  arc  much  alike.  The  mast  characteii-tn- 
them  ia  the  projection  of  a  block  line  centrally  upon  a  wido 
bright  i*ancL  Dr.  Vogel'a  drawings  of  the  first  ul 
violet  hydrogen  line  (H  £)  at  these  successive  phases 
reproduced  in  Plate  XVI.,  Figs.  1  and  la.  Here, 
any  rate,  a  single  light-source  is  concerned.  A  moment' 
consideration  suffices  to  show  that  a  dark  line  in 
spectrum  of  one  star  cannot  cut  a  slice  out  of  a  bri 
l>and  proceeding  from  another.  Absorption  implies  real  su 
position  of  the  arresting  and  absorbing  layers.  The 
observed  is  then  one  of  reversal.  It  arises  through  the  stop- 
page by  a  cooler  stratum  of  hydrogen  of  the  emissions  from 
denser  and  hotter  underlying  stratum  in  the  same  stellar 
atmosphere,  Fig.  2  in  the  same  Plate  represents,  from  a  draw- 
ing by  Professor  Keeler,  the  "  D  lines  "  in  f3  Lyra;  at  principal 
minimum.  It  was  made  with  the  great  Lick  refractor, 
14th  and  15th  November  1389.  and  shows  the  sodium  pair 
to  the  right  merged  into  a  dark,  hazy  band,  with  above 
it  D8  brilliant  and  unsymmetrically  reversed.  Mon 
the  thin  dark  line  constituting  the  reversal  seemed  to 
nearly,  or  exactly  in  its  proper  place ; l  the  obvious  relative 
shift  measured  the  lessened  refrangibility  of  the  emissive 
beam.  In  the  gaseous  envelope,  then,  of  one  and  the  same 
star  we  find  a  helium  line  originating  at  a  low  level  moved 
towards  the  red,  while  its  repetition  by  absorptiou  higher  up 
preserves  its  wave-length  unchanged.  The  indicated  difference 
in  conditions  can  here  scarcely  be  anything  else  than  a 
decrease  of  pressure  upward  from  the  photospheric  surface. 
The  significance  of  Buch  an  inference  hardly  needs  to  be 
pointed  out,  and  it  seems  impossible  to  avoid  drawing  it. 

The  red  ray  of  hydrogen  is  particularly  brilliant  in  £ 
Lyra? ;  but  since  it  lies  beyond  the  ordinary  spectrograph*: 
range  it  has  of  late  received  little  attention.  Yet  ih* 
history  of  the  modifications  which  it  assuredly  undergoes,  and 
of  the  modes  of  their  correlation  with  those  of  its  associates  in 
the  spectrum,  must  be  learned,  unless  knowledge  of  this 
wonderful  star  is  to  remain  essentially  incomplete 

We  may  now  endeavour  to  sum  up  our  conclusions  regard- 
ing its  nature,  tentative  and  fragmentary  though  they  be.     A 

1  Attr.  and  AMrophptits,  vol.  xii.  p.  SB*. 
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finished  theory  on  tho  subject  cannot  at  present  be  formulated  , 
but  tho  ground  may  be  prepared  for  it  by  the  removal  <« t 
inadmissible  hypotheses  and  by  the  clarification  of  thought 

(1)  The  system  of  £  Lyra*  is  binary.  Two  stars,  and  no 
more,  are  concerned  in  producing  the  observed  change*  in  the 
quantity  and  quality  of  its  light.  Both  show  strong  hydrogen 
and  helium  absorption ;  one  is  distinguished  besides  by  oxygen 
absorption,  and  it  is  this  latter  which,  in  all  probability,  emits 
the  men  conspicuous  set  of  bright  lines.  Thf*re  tin*,  indications, 
too,  that  a  second  set  is  occasionally  sub-apparent,  and  that 
the  spectrum  really  consists  of  two  separate  ranges  of  dark,  and 
two  accompanying  ranges  of  vivid  rays. 

(2)  The  dark  lines  are  in  their  normal  position*  at  minima; 
they  an-  shifted  from  them  at  maxima,  when  some  of  their 
number  open  out  into  doublets.  The  conjunctions  at  times  of 
least  light,  and  elongations  at  intervening  epochs,  of  two 
bodies  giving  absorption  spectra  are  thus  presumably  signified. 

(3)  At  chief  minimum,  the  more  prominent  bright  lines 
are  shifted  towards  the  red,  so  as  to  lie  beside  the  correspond* 
ing  dark  lines.  The  spectrum  has  then  the  coupled  aspect 
distinctive  of  "  Nova*  "  and  of  certain  other  emission-stars. 
The  change  of  refrangibility  during  this  phase  cannot  be  due 
to  motion ;  it  may  be  due  to  pressure. 

(4)  During  the  second  half  of  the  period,  reversals  are  a 
leading  feature  of  the  spectrum,  which  thus  affords  evidence, 
not  only  of  orbital  revolution,  but  also  of  a  course  of  physical 
vicissitudes  comprised  in  the  same  cycle. 

(5)  Finally,  the  cause  of  variability  has  to  be  considered 
Is  it  to  l>e  found  in  mutual  occupations  ?  The  geometrical 
conditions  are  such  as  to  admit  of  an  affirmative  reply  i  the 
physical  conditions  are  adverse.  They  involve  a  rarefaction  of 
the  circling  bodies  so  extreme  as  to  repel  assent  unless  under 
the  stress  of  rigid  demonstration.  And  that  is  by  no  means 
at  hand.  Evidence  on  the  subject  could  perhaps  more  easily 
lie  collected  from  objects  with  analogous  light-curves,  than  from 
8  Lyra;  itself.  The  endless  complications  which  embarrass 
research  in  the  "  problem  star "  would  not,  for  instance,  be 
likely  to  present  themselves  in  d  Serpen tis.  Another  variable, 
highly  desirable  to  Ik?  included  in  such  a  comparative  study, 
is  li  Sagittoe.     This  remarkable  object  has  a  period  of  seventy 
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days,  symmetrically  divided  by  two  unequal  minima,  and  two 
slightly  disparate  maxima.  The  light-curve,  however,  underwent 
a  curious  change  in  1874.  A  reversal  of  the  minima  was  per- 
ceived.1 Equalisation  first  took  place.  Then  the  secondary 
minimum  gradually  gained  emphasis  at  the  expense  of  the 
primary  ;  and  the  exchange  of  relative  values  was  not  redressed 
until  1883,  when  the  pristine  state  was  restored.  An  arrested 
tendency  towards  such  a  transformation  is  sometimes  shown  by 
fi  Lyras  in  the  fluctuating  accentuation  of  its  subordinate 
phase,  but  it  has  never  reached  so  far  as  a  bisection  of  the 
period.  A  suggestion  is,  nevertheless,  irresistibly  conveyed 
that  the  two  stars  form  similarly  constructed  systems.  When 
the  spectra  of  R  Sagittie,  d  Serpentis,  and  U  Pegasi  have 
been  examined,  and  their  changes  -tabulated  and  collated,  we 
shall  be  in  a  better  position  to  interpret  those  manifest  in  the 
Lyre  variable. 


1  lUxendelt,  Proc.  Manchester  Phil.  Society,  vol.  xxiv.  p.  14. 


CHAPTER    XXII. 

STARS    VARIABLE    IN    LOHG    PERIODS. 

"  Lono  periods "  of  variability  range  from  120  to  610  days. 
Koae  more  protracted  have  been  definitely  ascertained,  and 
those  that  are  shorter  belong,  vrith  rare  exceptions,  to 
stars    differently    characterised.       The    distribution     of    the 
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periods  we  are  at  present  concerned  with  is  exhibited 
graphically  in  Fig.  31.  They  number  208,  and  are 
taken  from  Chandlers  Third  Catalogue,  only  three,  which 
exceed  500  days,  being  for  convenience  omitted.  Periods 
of  several  years  have  besides  been  ascribed  to  a  few 
stars,  but  on  insufficient  grounds.  No  true  conformity  to 
them  is  maintained.     Phases  that  are  unusually  slow  are  also 
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iifly  nwifirlATn  in  development.  So  fax,  the  G  10-day 
cycle  of  S  Cassiopeia  is  the  longest  that  can  be  depended  ujh-.ii 
to  recur.  A  cursory  reference  to  our  diagram  will  show  how 
largely,  among  long  periods,  those  between  280  and  300  days 
preponderate.  Accidents  of  discovery  connected  with  the 
length  of  the  year  cannot  well  have  produced  this  preference, 
which  seems  to  be  genuine,  and  not  merely  apparent.  On  the 
other  hand,  the  indentations  of  the  curve  are  assuredly  casual, 
and  will  be  smoothed  down  with  the  multiplication  of  objects. 

The  typical  long-period  variable  is  Mira  CetL  It  was  the 
first,  detected ;  it  rises  to  the  brightest  maxima ;  it  presents 
the  mo6t  vivid  and  distinctive  spectrum.  More  than  300  of 
its  cycles  have  been  watched,  inore  or  less  attentively ;  yet 
familiarity  has  not  diminished  wonder  at  the  "  Wonderful  " 
star.1  Its  modes  of  procedure  are  as  much  an  enigma  to  the 
spectroBcopists  of  Lick  and  Potsdam  as  they  were  to  Fahriciu* 
and  Holwarda.  An  instructive  comment  upon  them  is  the 
omission,  from  Chandler's  lliird  Catalogue,  of  the  modifying 
terms  appended  to  the  mean  period  of  332  dayB  in  his  Second. 
It  amounts  to  an  abandonment  of  the  attempt  to  predict,  with 
even  approximate  accuracy,  the  capricious  changes  of  the 
Frisian  pastor's  Stella  insolita.  Argelander's  laborious  efforts 
for  their  regulation  have  thus  proved  futile.  He  con- 
sidered an  oscillation  extending  over  80  years,  and  comprising 
88  periods,  to  be  fairly  woll  established,  and  found  indica- 
tions of  another  of  160  years;'  but  their  supposed  effects 
have  ceased  to  be  apparent.  Guthnick's  "  long  inequality," 
covering  200  cycles,  will  doubtless  prove  equally  illusory. 
No  method  is  indeed  securely  traceable  in  the  accelerations 
or  retardutions  of  the  maxima,  and  they  digress  to  the 
extent  of  fully  two  months.  Long  and  short  periods  can 
neither  be  perceived  to  alternate  nor  to  occur  in  series;  still 
opposite  deviations  balance  each  other ;  there  is  no  progressive 
alteration  in  the  length  of  the  cycle. 

The  highest  maximum  and  the  lowest  minimum  recorded 
t<>r  .Mira  were  both  observed  by  Sir  William  Herschel.  He 
found  the  variable  nearly  equal  to  Aldebaran  on  6th  November 
1779;1  while  four  years  later  it  was  invisible   with  s  tele- 

1    KlauerT,  K/ww?atyr,  vil    xi\.  p.  230. 
1  Bim%er  Bteb.  Bd.  vii.  Th.  ii.  p.  332.  •  Fhil.  Tram.  toL  Ur.  p. 
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acope  allowing  .stars  of  the  tenth  magnitude.  Of  late  it 
has  not  been  known  to  dcucend  below  l»  .'»,  and  it  sometimes 
stops  shore  at.  80  magnitude.  Its  greatest  brightness  is  even 
more  inconstant.  No  mom  than  5G  magnitude  was  attained 
in  November  18G8,1  or  one-fortieth  the  lustre  of  the  phase 
viewed  by  the  Bath  organist,  and  maxima  higher  than  the 
third  magnitude  are  uncommon.  The  course  of  change  like- 
wise fluctuates,  but  in  general  the  rise  is  considerably  more 
rapid  than  the  decline,  and  the  high-level  status  is  maintained 
for  about  two  months,  the  low-level  for  at  least  three,  without 
striking  alterations.  Vet  change  is  always  in  progress. 
The  light-curve  has  no  flat  stretches.1  No  connection  is 
apparent  between  the  acuteness  of  the  light  crises  in  this  star 
and  the  times  of  their  <h.< nrrcnoc*  Tlicy  do  not  tend  to  become 
abortive  when  hurried,  uor  is  delay  accompanied  by  intensity  a- 
tion.  Argolander  entirely  failed  to  correlate  irregularities  of 
period  wir.li  diM-repaneit"-  in  the  amplitude  of  change.  As  the 
fruit  of  tercentennial  experience  it  has,  however,  been 
that  lon^-perioii  variables  are  uo  transitory  phenomena.  Mint, 
at  any  rate,  exhibits  no  symptoms  of  decadence  since  the 
maximum  whirli  I  Fabcifiitta  in  August  1596. 

Its  spectrum  gives  evidence  of  powerful  disturbance,  but 
none  of  duplicity.  Motion-shifts  depending  upon  orbital 
revolution  are  imperceptible.  The  periodicity  of  the  star 
must  be  explained  otherwise  than  by  attributing  to  it  a  binary 
character.  The  task  of  doing  so  is  indeed  most  arduous. 
Once  in  eleven  months  the  brightness  augments  some  hundreds 
of  times,  and  concomitant  spectral  modifications  afford  assurance 
that  these  annual  outbursts  are  accompanied  by  atmospheric 
ignition.  What  occasions  them?  We  are  ignorant;  yet  the 
issue  may  be  narrowed  by  the  following  consideration.  If 
external  action  of  any  kind  were  concerned  in  their  produc- 
tion we  should  expect  the  incandescence  to  be  coronal  or 
chroinospheric — to  affect  primarily  the  outer  layers  of  the 
gaseous  envelope.  But  in  fact  the  innermost  strata  are  those 
set  aglow,  while  the  overlying  vapours  remain  comparatively 

1  Schmidt,  quotcl  by  Schunftld,  Mannhtimer  JaKrabcrickt,  Bd.  xL  p.  74. 
7  NijUii.l,  .Utr.  Sack.  No.  3733. 

3  fSuthfiit'k  {A*tr.  Xach.  No.  3745)  holds  that  the  sUr  rise*  to  exceptionally 
high  maxima  .»n>  c  in  t>9{  yearv     As  the  lulian  prorerb  mya,  Chi  x-ivrd,  vedni. 
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cool.  The  masking  of  a  bright  hydrogen  line  by  calcium 
absorption  places  the  subsistence  of  this  relation  beyond 
question.  So  far,  then,  the  evidence  favours  the  view  that 
variability  of  the  Mira  type  arises  spontaneously,  rather  than 
through  outside  influence. 

On  the  13th  of  December  1885  Mr.  J.  E.  Gore  was 
struck  with  an  unfamiliar  reddish  star  of  the  sixth  magnitude 
in  the  Club  of  Orion.  No  map  included  it,  and  until  it 
reappeared  a  year  later  after  an  interval  of  quasi-extinct  ion 
there  was  no  telling  whether  it  should  be  reckoned  as  a  Nova 
or  a  variable.  Dr.  Copeland  recorded  for  it  "  a  very  beautiful 
banded  spectrum  of  the  third  type,  seven  dark  bands  being 
readily  distinguished  with  the  prism."  The  intervening 
spaces  appeared  ■  full  of  bright  lines,  especially  in  the  green 
ami  blue."  Two  of  these  were  certainly  emitted  by  hydrogen, 
and  others  probably  by  helium,  since  a  vivid  D3  was  observed 
by  Von  Konkoly  ten  days  later,  the  adjacent  sodium  pnir 
being,  as  usual,  dark.  Fig.  32  exhibits  the  light-curve  of 
U  Orionis  during  the  maximum  half  of  its  period,  as  de- 
lineated by  M.  Porro  at  Turin  1889-90.  Its  form  is  by 
no  means  invariable.  In  general,  the  brightest  phase  is 
reached  much  more  abruptly  than  it  was  in  1890.  The 
main  rise,  however,  is  always  prompt,  and  the  decline  gradual, 
although  the  minima  appear  to  be  well  defined.  They  have 
not,  indeed,  owing  to  their  faintness,  been  much  observed 
The  widest  amplitude  of  the  star's  change  is  from  5*3  to 
about  12*5  magnitude ;  but  these  limits  are  seldom  attained 
Nor  is  the  assigned  period  of  375  days  conformed  to  with 
any  exactitude.  As  in  the  case  of  Mira,  prediction  has  to  be 
qualified  with  a  large  allowance  for  unexplained  disturbance. 

At  high  maxima  ^  Cygni  radiates  about  6500  times 
more  powerfully  than  at  low  minima.  The  star,  that  is  to 
say,  has  a  range  of  fully  nine  and  a  half  magnitudes,  from 
the  fourth  to  near  the  fourteenth.  But  in  some  of  its  cycles 
it  fails  to  ascend  beyond  6*5  magnitude;  for  it  resembles  the 
other  stars  of  this  class  in  having  no  fixed  measure  of  change.1 
Its  period  is  now  406  days  .  it  has  lengthened,  on  an  average, 
by  a  quarter  of  an  hour  at  each  recurrence  since  Kirch,  in  July 
1686,  missed  from  its  wonted  place  the  star  located  by 

1  Berliner  */««Ark*A,  1841,  p.  93  {Olbera). 
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in  colic  Cygni ;  >    nor  is  there  yet  any  sure  sign  of  a  cam- 
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pensatory  reversal.     The  nature  of  the  secular  perturbation 
thuj<  betrayed  can  scarcely  be  imagined.     Argelander  noticed 

1  Mixtllanem  Berolinemia,  Lip.  308. 
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besides  deviations  from  the  mean  period  up  to  forty  days,  lad 
sought,  with  imperfect  success,  to  analyse  and  regularise  the 
inequalities  upon  which  they  depended.1  The  increase  of 
light  in  this  variable  occupies  171  days,  or  considerably  less 
than  half  the  period  Its  moat  brilliant  phases  are  brief,  while 
fainter  maxima  are  sometimes  prolonged  for  a  couple  of  months 
In  1847  the  star  remained  visible  to  the  naked  eye  during  97 
days,  although  the  usual  time  of  "  lucidity  "  is,  by  Argelander* 
estimate,  only  52  days.2  The  scarlet  blaze  of  its  light  is 
often  very  striking. 

R  Hytixie  ia  an  accelerating  variable.  In  1708  the 
interval  from  one  maximum  to  the  next  was  500  days;  it  had 
shortened  to  437  in  1870,and  to  425  in  1891.  The  highest 
maxima  are  of  3*5  magnitude,  the  lowest  more  than  six  times 
less  bright.  The  minima,  on  the  other  hand,  occur  with  fair 
uniformity  at  97  magnitude.  Strongly  red  in  all  its  phases, 
R  Hydras  displays  a  gorgeous  colonnaded  spectrum  lit  up  with 
bright  hydrogen  lines. 

The  variability  of  L„  Puppis  was  discovered  by  Gould  at 
Cordoba  in  1872.  The  range  in  magnitude — 3*5  to  63 — is 
moderate,  the  period — 137  days — comparatively  short.  Wide 
departures  from  it,  however,  are  not  infrequent,  and  it  is 
almost  equally  divided  between  the  ebb  and  the  flow  of 
luminosity.3  The  colour  of  this  star  suggests  a  conflagra- 
tion, and  its  spectrum  resembles  and  is  no  less  effective  than 
i!i;il  of  Mira.4  An  exceptionally  large  proper  motion,  for  a 
member  of  its  class,  has  been  determined  for  it  by  Professor 
Porter  of  Cincinnati. 

An  analogous  object  is  met  with  in  W  Puppis.  Hew 
the  rise  occupies  62  days,  the  decline  only  58,  the  visual 
limits  of  variation  being  the  eighth  and  eleventh,"  the  photo- 
graphic, the  ninth  and  twelfth  magnitudes.  The  discrepancy 
is  naturally  accounted  for  by  the  non-actinic  quality  of  light 
conspicuously  red  to  the  eye.  The  detection  of  bright 
hydrogen  lines  in  a  third-type  spectrum  gave  Mrs.  Fleming 
in  1895  °  the  clue  to  the  character  of  this  star.     The  fluctua- 

1  Bimnrr  Bwb.  fid.  VJL  p.  34a 

•  Bnmboldt'i  Connot  (Ottfi  tnaa.),  toL  IU.  p.  288. 

*  Robert*.  Adr.  Jaurn.  No*.  29fi,  491-2. 

•  A.  J.  Caunon,  J/arrard  Annals,  rol.  xxriii.  p.   180. 
1  UoUrU,  Adr.  /<wr».  No.  462.  *  Alropk,  Jtmm.  rol.  U.  p.  1M. 
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tions  inferred  to  take  place  from  that  unfailing  symptom  wore 
looked  for  and  quickly  found  The  light-Gam  of  W  Poppfa 
is  very  regular,  and  takes  a  much  sharper  bend  at  minimum 
than  ut  maximum. 

In  S  Ur&»-  Mujoris  we  meet  u  much  older  acquaintance. 
Ita  periodicity,  discovered  by  I'ogson  in  1853,  was  established 
by  a  record  of  its  magnitude  made  by  I-alande  in  1790.  It 
is  of  a  highly  perturbed  nature.  The  maximum  brightness 
varies  U-tweon  (J  7  and  ft-2  magnitude;  the  niinima  arc 
uncertain  to  the  extent  of  perhaps  three  magnitudes,  some 
unusually  fu in t  ut  13*3  magnitude  having  been  watched  by 
Baxendell.  The  actual  length  of  the  cycle  in  about  226 
days  ;  it  is  modified  by  a  recurring  inequality  with  a  range 
of  nearly  eight  days,  but  much  more  extensively  by  irregular 
deviations.  These  seem  to  be  connected  with  two  curious 
inflection*  of  the  light-curvi-  Almut  «>*  wwk.-*  in-lom  niaxi- 
mum  the  rise  is  arrested,  sometimes  for  a  few  days,  sometimes 
for  as  many  weeks.  A  corresponding  sUry  in  the  decrease  of 
light  usually  precede*  each  minimum.1  Upon  the  duration 
of  these  halts  evidently  depends  the  retarded  or  hurried 
accomplishment  «>i  the  phjisea.  Noteworthy  besides  is  the 
occasional  equalisation  of  the  times  occupied  in  waxing  and 
waning.  This  is  apparently  a  consequence  of  the  partial 
abolition  in  certain  cycles  of  the  pause  before  minimum. 
That  of  1875  was  distinguished  by  a  steady  maximum 
lasting  from  23rd  February  to  13th  April,  and  followed  by  a 
decrease  quicker  than  the  preceding  increase.2  Similarly,  the 
late  Sir  Cuthbert  Peek's  diagram  for  1894  (copied  in  Fig.  33) 
shows  a  Mat  maximum  antecedent  to  a  precipitate  decline. 
Again,  four  years  later,  the  light  during  two  months  scarcely 
varied  from  the  eighth  magnitude ;  *  and  it  may  be  remarked 
that,  as  in  the  sun,  long  maxima  are  low  maxima.  The 
mean  light-curve  of  S  Ureas,  from  observations  made  at 
Harvard  College,  1889-99,  is  depicted  in  Fig.  34.  Only 
the  general  course  of  change  can  be  followed  by  its  means ; 
the  effects  of  temporary  obstructions  or  disturbances  are 
necessarily  eliminated. 

1    Baxendell,  Juurn.  Lirerpooi  A$tr.  Soc  vol.  iii.  p.  52. 

*  Schbnfeld,  AUt.  Naeh.  No.  '2066. 

'  Peek,  Journ.  Brit.  Aitr.  Anoc  toI.  ix.  p.  281. 
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Deep  rod,  and  often  hazy  when  faint,  this  star  has  boon 
seen    nearly  white  at  maximum — a  not   uncommon  kind  of 
colour-fluct.uatioiL      It  gives  a  poorly-developed   spectrum  of 
the  third  type. 

T  Urate  Majoris  has  a  total  range  of  nearly  six  magni- 
tudes, and  a  period  of  302  days;  but  its  variations  make  no 
approach  to  uniformity.     The  maximum  brightness  is  largely 
uncertain ;  the  minima  are  sometimes,  though   rarely,  as  low 
as    13  5    magnitude.      The  luminous    tide    flows,  at    certain 
epochs,  with   extreme  rapidity.     Between   oth  January    and 
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22nd  February   1901,  for   instance,  the   star  increased   from 
12*4    to    11    magnitude.       In  forty -six   days   it  acquired  a 
seventy-sixfold  brilliuncy,  and  the  augmentation  was  accom- 
panied  by  a  blanching  of  its  rays.      Of  their  dull   ruddy  hue 
scarcely  a  tinge  survived  at  full  light.      Fig.  36   reproduces 
the  mean  curve  drawn  at  Harvard,  which  is,  of  course,  niucn 
more  symmetrical  thun  any  of  the  individual  curves  serving 
as  its  basis.     The  maxima  and    the   minima  appear  from  it 
to  be  about  equally  sharp. 

The  curve  of  T  CusHio^-iae,  on  the  other  hand,  cannot  be 
smoothed    into   shapeliness.       It    is    represented   in    Fig.    36. 
The  secondary  maximum  occasioning  the  hump  on  the  upward 
branch  is  never  absent,  and   protracts  the  cycle  to  445  days. 
considerably  more  than  half  of  which  (240  days)  are  occupied 
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by  the  abnormally  impeded  phase  of  incroatw.     The  period  « 
affected  by  a  compensatory  inequality. 
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The  variability  of  R  Looniu  was  detected  by  Koch  in 
1782;  yet  six  score  yearn  of  aero  tiny  have  only  sufficed  to 
render  more  manifest  the  almost  hopeless  intricacy  of  the  laws 
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to  which  it  is  subject.  Since  1890  the  maxima  have  been 
persistently  accelerated,  computations,  founded  on  a  nominal 
period  of  3 1 2  days,  being  left  in  the  lurch  in  November 
1 890    by  forty-three  days.     That  there   is  a  large    periodic 
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ijie*|aulity  admits  of  no  doubt ;  ■  but  the  observations  of  the 
lust  few  years,"  Dr.  Chandler  remarked  in  1896,  "show  that 
it  is  complicated  with  other  unknown  terms/'  the  neglect  of 
which,  pending  the  development  of  their  nature,  seemed  to 
him  safer  than  the  attempt  to  use  them  for  purposes  of 
prediction  in  ignorance  of  their  value.  That  is  to  say,  the 
phases  can  be  registered  as  they  occur,  but  defy  accur.itr 
anticipation.  The  glowing  colour  and  brilliant  spectrum  of 
the  star  make  it  an  object  of  singular  beauty  and  interest. 
Its  total  range  is  from  5*2  to  10  magnitude,  bnt  the 
oscillations  are  often  of  less  amplitude. 

The  variability  of  V  Delphi ni  was  discovered  by  Mr*. 
Fleming  in  1891  by  the  shining  of  bright  hydrogen  lines 
amid  the  tlutings  of  its  spectrum.1  It  is  of  enormous  extent 
Between  maximum  and  minimum-light  there  is  a  difference  of 
close  upon  ten  magnitudes.  Observed  as  of  75  magnitude  od 
1st  October  1899  with  the  forty-inch  Yerkes  refractor,  the 
star  had  on  the  ensuing  20th  July  sunk  to  invisibility,  and 
must  therefore  have  been  below  the  seventeenth  magnitude 
The  period  is  540  days. 

A  Btrange  anomaly  in  the  light-change  of  R  Lyncia  wa* 
placed  on  record  at  Sir  Cuthbert  Peek's  observatory  in 
1898.*  From  a  smouldering  minimum  the  star  had  risen  by 
2nd  March  to  106  magnitude;  when,  suddenly  reversing  it* 
course,  it  dropped  in  eighteen  days  to  the  thirteenth 
magnitude,  but  finally  resumed  the  interrupted  process  of 
brightening,  and  mounted  at  the  cuBtomary  rate  to  a  maximum 
of  7*5  magnitude  on  11th  August.  Such  apparent  caprice* 
constitute  indeed  a  battling  enigma,  but  should,  for  that 
reason,  be  the  more  steadily  kept  in  view  in  dealing  with 
general  question   of  stellar   variability.      The   high  and  low 


The  period 


phases  of  It  Lyncis  arc  alike  definitely  marked 
assigned  to  them  is  380  days. 

The  variation  of  R  Cygni  exceeds  eight  magnitudes.  In 
rising  from  one  extreme  to  the  opposite  it  gains  a  2500-fold 
increase  of  light.  The  maxima,  however,  as  usual  in  this 
class  of  variables,  are  very  uuequal,  some  being  seven  timo* 


1  4a*.  A'oM.  No.  aw  ;  fUrtwiK,  ibid.  No*.  8211,  3SM. 

*  HiU,    Ytrktt  Ofrvmi/ory  BulMtn.  No.  1 S. 

•  /ow*.  Bril.  Adr.  Am*.  roL  i'    |.    -'-'A 
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more  brilliiLiit  than  others.  Mr.  Kspin  Iwlievad  in  1888 
that  a  regular  alternation  of  Wgfa  and  low  phases  might  U- 
counted  upon;1  but  their  auhst'ijiieut  •li^trdered  succession 
belied  the  inference.  The  Btar  is  among  those  in  which 
dimness  is  oeca*  ion  ally  attended  by  u  curious  difl'iwenesa  of 
aBj/4-i'L.  Til  us  in  February  and  March  1804,  having  rurwuualy 
Bunk  out  of  sight  with  a  6J-inch  refractor,  it  came  apiiri  inl«. 
vie.w,  at  tin*  Kousdou  ()l*x<rvutory.  in  the  .-hajM-  "t  a  small 
bluish  nebula,  resembling  a  faint  comet2  Tliis  object,  which  had 
contracted  on  24th  March  into  a  needle-point  of   light  of  the 
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twelfth  magnitude,  resumed  its  nebular  appearance  in 
February  1895  and  March  1896.  The  mean  period  of  R 
Cygni  is  426  days;  but  the  interval  between  the  maxima  of 
November  1890  and  February  1892  amounted  to  457.3  No 
more  than  150  days  are,  as  a  rule,  spent  in  the  rise. 

The  unique  form  of  light-curve  represented  in  Fig.  37  is 
assigned  by  Professor  Pickering  to  T  Andromedaa.  Derived 
from  photographic  data,  it  awaits  visual  confirmation,  yet  can 
scarcely  be  widely  erroneous.4  The  uniform  progression  it 
depicts  need  not,  indeed,  be  accepted  as  a  rigid  reality;  it 
must  he  encroached  upon  by  sundry  kinds  of  disturbance,  and 


Aitr.  y,ieh.  No.  2869.  -   Peek,   VariabU  Star  NoU*,  No.  i. 

Townley,  /'"/./.  Wathburn  Observatory,  vol.  fi.  pt  iii.  p.  *0. 

*  Attrvph.  Journ.  vol.  i.  p.  306. 
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the  maxima,  however  brk'f,  camml  Ik-  niHi.-iiii.mr.iii;-  ..I 
full  tide  there  is  an  interval  of  "  slack  water."  Neverth 
if  even  the  mean  curve  prove  to  be  linear,  the  circumstance 
will  be  of  great  interest,  and  the  star,  meanwhile,  merits  clow 
attention.  Owing  to  its  redness  the  photographic  earn*  i* 
transposed  downward  on  the  scale  to  the  extent  of  one  and  a 
half  magnitudes,1  so  that  the  variable  shows  four  times 
brighter  to  the  eye  than  to  the  sensitive  plate.  Hence  changes 
of  colour,  should  they  at  any  time  supervene,  would  nw  essorily 
produce  large  distortions  in  the  automatically  registered 
course  of  light-fluctuation.  The  systematic  comparison  of 
visual  and  photographic  determinations  of  magnitude  might, 
indeed,  be  used  as  an  effectual  means  of  testing  the  permanence 
in  hue  of  long-period  variables.  While  it  remained  constant, 
the  curves  of  light-change,  obtained  retinally  and  chemically, 
should  flow  parallel  to  one  another ;  they  would  merge 
together  if  the  star  blanched,  and  diverge  still  farther 
if  it  reddened.  The  variability  of  T  Andromeda?  was  dis- 
covered by  Dr.  Anderson  of  Edinburgh  in  1893.  The  period 
seems  to  have  suddenly  shortened  from  281  to  265  days  in 
1895. 

Variables  of  the  fourth  spectral  type  are  mostly  crimson- 
tinted,  and  have  protracted  periods.  Indeed,  these  two 
characteristics  show  some  kind  of  mutual  dependence.1 
Chandler's  rule,  "the  redder  the  star  the  longer  the  pet 
being,  on  the  whole,  conformed  to.  Apposite  examples  are 
furnished  by  S  Cephei,  IT  and  V  Cygni.  The  period  of  S 
Gephi'i  ivciiiges  484  days,  hut  is  subject  to  an  alternate 
lengthening  and  shortening.8  More  than  half  of  it,  or  about 
257  days,  is  occupied  in  the  ascent  from  minimum  to  maximum, 
and  this  exceptional  arrangement  is  consistent])*  maintained 
The  light-curve  is  highly  irregular.  Smoothed  out  by  striking 
a  decennial  lialance,  it  took  the  form  shown  in  Fig.  38  from 
the  Harvard  College  representation.  But  its  dissymmetry 
is  greatly  modified  from  that  of  the  tracing  given  by  the 
observations  of  any  single  period.  Usually  there  is  * 
rather  swift    increase  and  decrease,  followed  by  intervals  of 

1  Pftrkhunt,  rujmtur  Attrvnamy,  ml.  i   p.  403. 

*  Schmidt.  A*r.  A'oM.  No.  1897  ;  Chandler,  Attr.  Journ.  Km.  1S6.  Itt. 

1  P*rkliur»t,  Pap.  A*r   ml   t  ft,  3«S 
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approximate  constancy,  at  maximum,  of  aUmt  11  hundred,  at 
minimum,  of  fifty  day*1  Not  un  frequently,  however,  the  curve 
has  a  sharp  apex,  and  its  downward  flow  in  interrupted  by  ;i 
secondary  rise.  Such  "  stand-stills "  (us  Mr.  Maxwell  Heed 
calls  thenO  ,ir"  !l  familiar  feature  of  long- period  variability. 
Seventh-iiiavnituil*'  brightness  is  never  fully  attained  by 
S  Cephfi,  and  it  occasionally  drope  below  the  thirteenth 
magnitude.  Like  many  very  red  stars,  it  has  accesses  of  bad 
definition.     They  occur,  very  remarkably,  not  at  low  light,  but 
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near  maxima,  when  "  a  ruddy  haze "  seems  to  envelop  a 
definite  disc." 

In  463  days,  almost  equally  divided  between  the  gain  and 
the  loss  of  brightness,  U  Cygni  varies  from  70  to  11*6  magni- 
tude ;  yet  with  no  approach  to  regularity.  The  maxima  are 
sometimes  fainter  than  the  eighth  magnitude  ;  the  minima 
fluctuate,  it  is  thought  cyclically,3  from  9*4  to  11*6  magnitude. 
The  periodicity,  too,  is  complicated  by  an  outstanding  dis- 
turbance. 

The  period  of  V  Cygni  is  418  days,  and  the  rise,  which 
occupies  220  days,  is  disproportionately  slow.  Lindemann 
registered  a  steady  decline  in  the  maximum-brightness  of  the 
star,  from  6  8  magnitude  in  1882  to  84  in  1891  ;4  in 
some  cycles  it  does  not  exceed  9*5  magnitude;  while  the 
minima  occur,  with  tolerable  uniformity,  at  the  low   level  of 

1  IU*d,  AMr.  Journ.  No.  3S0. 

-   Peek.   VariabU  Star  NulfS,  No.  2,  p.  13. 

1  Knott,  (thrrvntoru,  rol.  xiii.  p.  111.  *  Aitr.  Natk.  No.  8184. 
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13'6  magnitude.  Tbc  maxima  are  succeeded,  at  interval*  of 
two  months,  by  subordinate  phases  of  recovery.  The  colour 
of  V  Cygni  is  especially  intense.  The  carmine  of  its  beams 
corresponds  to  a  jwwerful  stoppage  of  the  complementary  blue 
and  violet  radiations,  by  which  a  splendid  preponderance  is 
secured  to  the  red  end  of  the  spectrum.  No  bright  lines  have 
been  certainly  recognised  in  the  dispersed  light  of  either 
U  or  V  Cygni;  they  are,  as  we  have  seen,  prominent  in 
U  Hydras,  a  fourth-type  variable  of  no  settled  j»eriodicity. 

A  fundamental  distinction  is  apparent  between  the  two 
chief  kinds  of  stellar  variability.  Stars  with  "  short "  periods 
are — in  a  few  cases  demonstrably,  in  the  rest  presumably — 
close  pairs,  their  mode  of  circulation  prescribing,  in  some  un- 
known way,  their  laws  of  light-change  The  strict  accuracy 
of  its  fulfilment  hence  results  as  if  by  mechanical  constraint. 
Mira-variables,  on  the  contrary,  give  no  signs  of  duplicity ; 
and  the  marked  irregularity  of  their  phases  affirms  their 
origin  through  a  complex  interaction  of  physical  disturbance*. 
That  these  are  internal  and  constitutional,  there  is  the  best 
reason  to  believe.  Spectroscopic  symptoms  are  fairly  deci.-ive 
on  the  point.  They  have  as  yet,  however,  been  very  partially 
observed.  A  bare  gleaning  of  facts  has  been  gathered,  and  we 
want  a  full  harvest  as  a  foundation  for  safe  inferences.  A 
spectroscopic  study  throughout  their  cycles  of  variable 
carbon -stars  would,  for  instance,  be  most  valuable.  The 
behaviour  of  the  bright  lines  shown  by  them  might  even 
prove  crucial,  first,  as  regards  the  position  in  their  atmospheres 
of  tbe  emitting  strata,  next,  as  to  the  seat  of  the  recurring 
commotions.  The  spectra  of  U  and  V  Cygni  and  of  R  Leporis 
may  be  cited  as  among  those  claiming  systematic  and  pro- 
longed observation. 

The  reality  of  the  diffuse  aspect  intermittently  presented 
by  certain  variables  could  readily  bo  tested  by  examining 
them  at  such  times  with  a  reflector.  Refractors,  owing  to 
their  imperfect  colour -correction,  often  produce  abnormal 
images  of  objects  peculiarly  tinted.  Nevertheless,  if  this  were 
the  true  and  only  explanation  of  the  effects  in  question,  we 
should  expect  to  tind  them  develop  under  uniform  conditions, 
and  they  appear  instead  incalculably,  and  as  if  by  caprice. 
An  instructive  example  is  furnished  by  V  Cygni.     On    19th 
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July  18tf2,  ni\  weeks  after  a  maximum,  I.indeniann  J  saw  the 
variable  at  l'ulkowa  as  an  indistinct  coppery  disc.  Bui 
at  the  satoe  interval,  htfort  tlie  high  maximum  of  '■',  ]  «i 
August  1882,  it  showed  not  a  trace  of  nebulosity,  although 
intensely  roil  On  8th  October  1883  it  appeared  almost,  blood- 
colouied  and  very  diffuse,  while  nine  days  later  its  image 
waa  poin t-likc.  stellar,  and  precise.  Analogous  observations 
have  been  made  by  Mr.  t;  rover,  Sir  lutlil<ort  Peek's  assistant, 
on  B,  S,  and  T  Cassiopeia?,  R  and  S  Ursa?  Majoria,  und  several 
other  ohjmts  of  tltcir  class ,  and  by  Mr.  Knott  on  U 
Geminorum,  which,  as  a  white  star  giving  acontinuoue  spec- 
trum, ought  to  come  regularly  to  fucus.  For  not  a  few  etui*, 
such  as  U  Corona*  and  S  Hen:uiis,  dim,  bluish  nebulosities  an- 
substitute!  at  low  minima;  and  not  uncommonly,  even  on 
nights  of  excellent  definition,  variables  in  moderately  high 
phases  appear  sharp,  though  very  red,  and  as  if  projected  on  « 
background  of  glowing  hate.  Then  again,  they  present  I 
clearly  outlined  disc,  or  a  ■  large,  woolly,  ill-defined  imago 
resembling  ■  small  but  bright  planetary  nebula."  '  Most  uf 
these  diversities  defy  anticipation ;  they  can  be  associated  with 
no  particular  stages  of  variation,  and  some  of  the  redded 
stars,  R  I^eonis  and  K  Leporis  among  the  number,  appear  to 
be  exempt  from  them.  Yet  their  literal  interpretation  aa 
indicative  of  physical  alterations  in  the  bodies  affected  by 
them  would  lead  to  consequences  of  outrageous  improbability. 
Provisionally,  at  any  rate,  the  wiser  course  is  to  refer  them  to 
a  combination  of  atmospheric  and  instrumental  causes.  With 
these,  no  doubt,  a  genuine  change  of  luminous  quality  concurs, 
whereby  semi-extinct  stars,  being  thrown  out  of  focus,  assume  a 
nebular  disguise.  It  is  noteworthy  that  the  records  of  a  series  of 
oWrvations  on  the  minima  of  twenty-two  long-period  variables, 
executed  with  the  Yerkes  forty-inch  refractor  in  1900*  include 
no  mention  of  unusual  phenomena.  Attention,  however,  seems 
to  have  Iteen  directed  entirely  to  the  determination  of  magni- 
tudes, nor  had  any  of  the  stars  on  the  list  (U  Geminorum 
excepted)  been  previously  remarked  for  optical  peculiarities. 
A  clue  to  the  labyrinth  of  stellar  variations  is  likely  to 

1  Bulletin  tie  V Acad.  Imp.  t  xxix.  p.  302. 

1  VceV,  Knoictedge,  rol.  xt.  p.  62. 

3    Yerkes  OUcrvatory  Bullttin,  No.  13. 
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be  afforded  by  the  continued  investigation  of  solar  period" 
Comparisons  of  the  spot-curve  with  the  light-curves  of  Mir*. 
%  Cygni,  T  Urea?,  or  almost  any  o!'  thwr  cunijeners,  (ring  a 
conviction  that  the  pbeuomena  differ  in  degree  rather  than 
in  kind.  The  plotting*  of  solar  and  stellar  disturbances  show 
the  eame  character  of  dissymmetry,  and  the  same  order  of 
irregularity.  In  both  classes  of  representation,  high  summits 
are  usually  sharp,  low  .summits  blunt.  In  both,  the  course  of 
change  is  now  halting,  now  hurried.  Hesitations,  subordinate 
ascents,  and  subordinate  subsidences  before  completing  the 
phase,  are  common  features.  There  is,  indeed,  no  mode  of 
departure  from  uniformity  traceable  in  the  solar  cycle  that 
cannot  be  strictly  paralleled  in  the  caprices  of  Btellar  emission. 
The  analogy  has  been  rounded  out  by  the  discovery  that  the 
sun,  at  spot- maxima,  is  essentially  a  bright-line  star.  It* 
spectrum  then  shares,  in  a  just  perceptible  degree,  the  blazing 
quality  that  distinguishes  the  spectra  of  Mini- variables.  This 
is  a  further  and  an  irrefragable  proof  of  the  corresponded' 
the  epochs.  Light-maxima  in  the  stars  match  spot-maxima 
in  the  sun.  In  each  case  a  development  of  internal  energy 
gives  rise  to  enhanced  incandescence,  accompanied,  in  the  single 
specimen  of  a  aulwuriable  star  within  reach  of  detailed  ol»aer- 
vation,  by  rendings  of  the  photospheric  envelope,  and  outbursts 
of  uhromospheric  flames.  Looking  a  little  closer,  we  can  dis- 
cern the  prol>ability  that  the  cyclical  variations  of  all  thvme 
bodies  depend  essentially  upon  a  rise  and  fall  of  activity  m 
the  vertical  circulation  by  which  radiation  is  maintained 
The  rate  of  conveyance  of  heated  matter  from  within  outward 
must  be  a  determining  factor  of  photospheric  brilliancy,  tran- 
scendent lustre  implying  unusual  celerity  of  transport  This 
is  the  vital  process  of  suns,  the  checking  of  which  must 
immediately  become  sensible  in  their  diminished  output  of 
light.  Here,  if  anywhere,  will  l»e  found  the  secret  of  slellar 
variability. 


CHAPTER    XXIII. 

1'KiTl.IAl:     AND     IRKKGVLAR     VAK1ABIJEH. 

The  stars  varying  in  periods  comprised  between  thirty  and  « 
hundred  day*  are  uot  numerous,  and  they  ore  often  peculiar. 
Among  them  are  to  be  found  such  remarkable  objects  as 
It  Sagittee,  R  Scuti,  U  Geminorum,  and  S*  Cygni  Of  R 
Sagitt83,  with  its  double  period  and  reversing  minima,  some- 
thing has  already  been  said.  The  possibility  that  it  is  iu 
reality  a  "short-period  variable"  on  a  magnified  time-scale 
is  suggested  r,y  iu  resemblance  to  £  Lyra,  and  emphasises  the 
question  as  t.o  its  Hpectmscopic  duplif-it.y.  Its  irregularities, 
though  considerable,  do  not  appear  to  transcend  the  limit  of 
what  might  be  explicable  in  a  gravitational  system. 

TIi  is,  however,  cannot  be  said  of  R  Scuti ;  and  since  the 
two  stars  are  analogous  in  their  mode  of  variation,  a  rationale 
clearly  impossible  for  one  must  be  regarded,  for  that  reason 
alone,  as  highly  improltahle  for  the  other.  The  fluctuations  of 
R  Scuti,  first  observed  by  Edward  Pigott  in  1795,  extend 
from  4  4  to  at>out  9*7  magnitude,  and  have  a  nominal  period 
of  seventy-one  days.  But  they  cannot  be  even  empirically 
embraced  in  any  formula.  As  Mr.  Flanery  remarked  in  1896, 
"  No  set  of  elements  yet  devised  will  fit  this  star  long."  l  Each 
in  turn  has  to  be  rejected  as  unserviceable.  Thus,  on  6th 
May  1S07,  the  star  showed  a  complete  inversion  of  phase  ;• 
it  was  at  a  low  minimum  instead  of  at  the  computed  maximum. 
It  then  rose  to  an  unforeseen  brightness  of  5*4  on  11th  June, 
diminished  to  half-light  during  eighteen  days,  and  finally, 
remounting  the  k1oj>c  it  had  just  descended,  shone  duly  at  the 
predicted  maximum  of  1 7th  July.     Again,  it  varied  less  than  a 

1  Kvmrledge,  vol.  six,  p.  230.  *  Ibid.  toI.  xx.  p.  237. 
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magnitude  for  two  months  after  the  maximum  of  29th  August 
1896,  but  underwent  a  precipitate  decline  at  the  end  of  the 
stationary  spelL     The  light- curve,  from  Mr.  Flanery's  obser- 
vations July  to  October  1895,  is  giro  in  Fig.  39.     It  is  that 
of  a  star  which  refuses  to  be  bound  by   the  shackles  of  any 
definite    theory.     Faint    and   brighter    minima    alternate,   aa 
Argelander   long   ago   perceived ;   and  they  perhaps,  now  and 
again,  exchange  relative  values,  like  those  of  R  SagitUe.      If, 
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i,  we  double  the  period,  and  call  it  142  instead  of  71  da) 
star  might  rank,  despite   its  vagaries,  as  an  aimlo 
yrse  and  R  Sagitta?.      For   a  sultordinute  minimum,  plane 
way   between    two  maxima,  is  a  feature  commou   to  a 
«\  though  the  other  circumstances  of  variation  are  in  etc 
widely    different.       Such   resemblances   in    the  midst  < 
rsity  are  extremely  perplexing  to  students  of  stellar  ligh 
ige.      The   similarity   of  some  of  the  phenomena  suggest* 
unn  principle  of  explanation ;  but  the  attempt  to  extend  i 
iication  serves  only  to   undermine  the  credit  it  origin*!! 
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prwnraNMl.     Tlie  eclipse  rationale,   for    example,  auite   0  Lyr* 
passably  well,  and  might  be  accommodated  to  the  less  equable 
phases  of  R  Kagibtw,  but  is  wholly  incompatible  with  the  dis- 
ordered fluctuations  of   K  Scuti.     This,  however,  in  view  of 
their  fundamental  rcsemblunci*  to  Uiohk  of  the  accurately  vari- 
able star  in   the    Lyre,  raises  the  question   whether  eclipses  can 
be  regarded  aa  occurring  in  tho  one  case,  when  they  assuredly 
do  not  occur  in  (he-  other.     Over  and  over  again  this  difficult) 
presents  itself.     No  theory  seems  elastic  enough  to  bear  the 
strain  put  upon  it  by  the  variety  of  the  fact*.     Rich  member 
of  a  group  of  related   stars  adds  its  quota  to  the  burthen  of 
explanation  to  be  borne;  until  finally  the  breaking  point  in 
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reached,  and  a  collapse  ensues,  leaving  the  ground  encumbered 
with  the  debris  of  the  original  speculation. 

R  Scuti  might  usefully  be  made  the  subject  of  detailed 
spectrograph ic  investigation.  Bright  lines  shine  in  the  blue 
and  violet  sections  of  its  light ;  but  they  have  not  been 
identified,  and  the  flutings  associated  with  them  appear  ill- 
pronounced,  or  even  subject  to  effacement. 

As  a  curiosity  of  the  skies,  R  Scuti  is  much  outdone  by 
a  small  star  in  Gemini,  the  abnormal  behaviour  of  which 
was  noticed  by  Hind  in  1855.  Habitually  tranquil  at  13*1 
magnitude,  U  Geminorum  rises  with  amazing  celerity  to  near 
the  ninth  once  in  two,  three,  or  four  months.  A  leap  upward  of 
nearly  tour  magnitudes  is  often  accomplished  in  a  single  day, 
and  that  without  preliminary  fluctuations.  The  descent  is 
always  much  slower,  but  along  a  very  changeable  curve.  Two 
types    of    maximum    are    shown    in    Fig.  40.       In  one,  the 
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.|,v,.«i.  -t  i ri.rlii-  ring  poonpiei  fifteen  to  twenty  «lav^.  b 
the  other  it  is  terminated  in  nine  or  ten.  And,  as  ft  mil 
they  alternate  one  with  the  other.  Nothing,  indeed,  is  certain 
about  this  star  except,  its  uncertainty.  "  Predictions  iu  regard 
to  it,"  Mr.  Purkliurst  concludes  from  his  experience,  ■  can  be 
better  made  after  the  fact."  *  The  greatest  Light  varies  from 
8*9  to  9'7  magnitude ; J  the  least  to  a  rather  larger  extent 
Thus  on  28th  February  and  26th  March  1897  the  star  must 
have  been  1>elow  fourteenth  magnitude,  since  Father  Hagen 
lost  sight  of  it  with  the  twelve-inch  refractor  of  the  Georgetown 
College  Observatory.8  No  relation  is  perceptible  between  thr 
amount  aud  the  duration  of  change ;  long  and  short  maxima  ore 
indifferently  high  and  low.  They  are  fickle,  too,  in  their  tirn*- 
connections.  The  period — if  it  can  be  called  a  period — may 
be  as  short  as  71,  or  as  long  as  126  days.  Theii  uu- 
punctuality  apart,  the  changes  undergone  by  U  Oemiiniruiu 
bear  fi  strong  resemblance  to  those  of  cluster-variables.  There 
are  the  same  relatively  prolonged  intervals  of  repose,  followed 
by  vehement  spasms  of  activity,  beginning  abruptly,  dying  ont 
gradually.  It  will  be  of  much  interest  to  inquire  whether  the 
rays  of  objects  so  singularly  aud  so  similarly  affected  apprnxi- 
mate  to  uniformity  in  quality.  Those  of  U  Geminorum  are 
iu  colour  dull  bluish  white;  they  give,  according  to  Pickering 
and  Copeland,  an  ordinary  continuous  spectrum.  Still  it  is 
possible  that  peculiarities  might  l>e  revealed  by  special  scrutiny 
with  powerful  instruments. 

U  Geminorum  rauked  as  a  unique  object  until  S2  Cygni  wu 
discovered.  Miss  Louisa  D.  Wells  in  1896  traced  the  fluctua- 
tions of  the  latter  on  the  Harvard  plates  from  7 '2  to  below  1 1-2 
magnitude ;  and  the  shortness  of  their  apparent  period  of  forty 
days  combined  so  unusually  with  their  wide  range,1  that 
immediately  became  a  cynosure  for  observers  in  that  brmnoh. 
The  more  closely  they  were  watched,  the  more  nearly  they  wore 
found  to  conform  to  those  of  Hind's  vimM-  .  Iu  U>th  stars, 
stationary  minima  are  interrupted,  at  intervals  not  wholly 
irregular,  by  sudden  ascents  of  throe  or  four  magnitude*;  awl 
as  in  U  Geminorum,  so  in  S*  Cygni,  long  and  riMfft  maxima 
•re    coupled    together    in    pairs,    yet    by  no    invariable    Uw. 

4  Fkfcwiag,  Jaifopk,  Jown,  rot  to.  jl  J7*. 


1   Pop.  A*r.   vol.  r.  p,  16*. 
1  Aatr.  Joum.  No.  400. 
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Breaks  in  the  alternate  succession  have  been  in  each  case 
recorded.  In  March  and  April  ISH7.1'<t  luataiioe,  S*  t'y^m 
rose  to  consecutive  short  maxima,1  mid  n  pair  of  long  maxima 
again  marred  the  rhythmical  How  early  in  1900.  The  curve 
for  a  double  period  is  reproduced,  from  a  drawing  by  Mown 
I'lirkhurai  nud  Daniel,  in  Kij».  41.  They  comment  on  "the 
sharp  turns  in  the  curve  at  the  beginning  and  end  of 
maximum  "  a*  being  "  jteculiur  to  this  type  of  variable" *  wh it  h 
they  judiciously  assimilate  to  that  prevalent  in  clusters.  The 
mean  period  of  about  fifty -seven  days  attributed  to  S*  Cygni  has 
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a  wide  margin  of  uncertainty.  The  interval  from  one  maximum 
to  the  next  may  be  curtailed  to  thirty-six,  or  expanded  to 
sixty-three  days,  and  that  without  traceable  plan  or  method. 
Revolution  in  an  orbit  is  hence  absolutely  excluded  from  among 
the  possible  causes  of  light-change.  An  hypothesis  proposed  by 
M.  Hartwig  of  Bamtierg s  merely  illustrates  the  baffling  nature  of 
the  problem  set  by  this  star.  He  suggests  that  the  maxima  are 
occasioned  by  the  brief  kindling,  at  periostron  passage,  of  a 
satellite  pursuing  a  highly  eccentric  path.  The  irregularities 
of  the  period,  he  thinks,  may  be  accounted  for  by  a  rapid 
gyration  of  the  line  of  apsides.  The  blazing  of  "new"  stare 
is.  in  his  view,  an  analogous  phenomenon;4  but  new  stare 
exhaust  their  energy  in  a  single  display,  while  the  variables  in 
lieinini  and  Cygnus  seem  to  have  a  limitless  power  of  recupera- 

1  P*rkhur*t,  Pop.  Attr,  July  1900,  p.  343. 

'*  Ailruph.  Journ.  yoI.   xii.   p.  288. 

Vtirteljohrwhrift  Attr.   <ies.  Jihr^tny  xxiiv.  p.  315. 

*  AMr.  SotK  No.  8558. 
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tion.     The  light  of  8s  Cygni  is  tinged  with  blue  ;  nothing 
been  published  regarding  its  spectrum. 

Although  narrow  in  range  (46  to  5*4  magnitude),  the 
variations  of  I  Ilerculia  are  unsurpassed  in  singularity. 
Recognised  by  Schmidt  in  1872,1  they  have  proved  to  be 
"  irregularly  periodic " ;  their  tendency  to  preserve  definite 
time- relations  appears  to  be  continually  resisted  and  sometimes 
"irne  by  countervailing  influences.  Occasionally  they  con- 
form approximately  to  a  forty-day  cycle,  then  break  loose,  and 
become  for  a  time  utterly  lawless.  The  minima  are  attended 
by  extraordinary  fluctuations ;  the  maxima  are  normally 
tranquil  The  star  was  marked  "  red "  in  the  Copenhagen 
Catalogue,  but  is  now  pule  yellow,  and  shows  a  helium 
spectrum.      Scant  attention  has  of  late  been  bestowed  upon  it. 

A  southern  star  noticed  by  Dr.  A.  W.  Roberts l  in  1 89 1 
to  vary  from  6*8  to  80  magnitude  in  a  period  of  38^  days, 
is  remarkable  for  its  phenomenally  quick  rise.  Only  51 
days  are  needed  for  the  tripling  of  its  light,  while  thirty- 
three  elapse  during  the  corresponding  sulwidence.  Hence,  if 
the  average  ratio  for  Cepheid  variables  of  the  times  of  increase 
and  decrease  held  good  for  U  Carime,  its  period  would  at 
once  be  abridged  to  eighteen  days,  and  there  could  be  no 
mistake  about  its  membership  of  a  class  to  which  it  is  affiliated 
by  the  type  of  its  variatioua 

The  periodicity  of  R  Lyras,  detected  by  Iktxendell  in  1856. 
oftBD  much  perturbed,  in  never  wholly  effaced.  Argelandn 
found  it  to  be  comprised  within  forty-eight  days,  which  S<h< 
ndnoad  to  fartj-aia  .  jst  in  L872  Schmidt  oonaidand  it  un- 
certain between  the  limits  of  thirty  and  sixty  days.*  Panne- 
koek's  introduction  of  a  periodic  term  for  its  regularisatiun  ' 
can  be  reckoned  only  a  temporary  expedient.  The  oscillation 
is  of  small  amplitude,  from  40  to  4*7  magnitude,  but  fevo 
ntriking  outbursts  of  light,  witnessed  by  Sawyer  in  November 
1884/  imply  essential  instability.  The  simultaneous  develop, 
uient  of  emission -rays  might  possibly  have  been  observed 
had  a  prismatic  eye-piece  been  at  hand ;  but  no  spectroscopic 

-  AMr.  .VarA.  Nob.  2075,  2420,  2491,  2492. 
1  A*r.  Jaunt.  Not.  491,  492  (1901).  *  Awtr  Suck,  No.  1904. 

'  Jour*.  Jinl.  Attr.  Amoe.  vol.  v.  p.  MI 
*  Piektring,  Pnc.  Amtr.  At+A.  vol  iii.  ]>.  403. 
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examination  was  feasible  at  the  critical  momenta.  Ordinarily, 
the  star,  which  is  deeply  tinted  with  orange,  given  a  superb 
colonnaded  B]>trtnim  unmarked  by  bright  lines. 

Periodic  cannot  be  sharply  distinguished  from  irregular 
variables.  Stars  of  an  intermediate  character  are  quite 
common.  Some  degree  of  precision  in  change  may  even  lw 
temporarily  main  turned  by  object*  eventually  found  to  be 
eminently  unmethodical  in  their  modes  of  procedure.  Such 
are  a  Herculis,  a  Ononis,  and  ft  I'cgaai.  Each  assumed  on 
first  acquaintance  a  false  air  of  subruissiveness  to  a  time-law, 
which  each  very  soon  laid  aside.  Their  fluctuations  rather 
exceed  half  a  magnitude,  and  are  included  in  an  indeter- 
minate number  of  months ;  their  progress  can  in  no  wise  be 
anticipated.  Similarly,  stars  credited  on  historical  grounds 
with  extremely  long  periods  have  of  late  paid  not  the  smallest 
regard  to  them.  An  instructive  example  is  met  with  in  R 
Cephei.  Catalogued  by  Heveliua  in  the  seventeenth  century. 
and  by  Groonibridge  in  1807.  as  of  the  fifth  magnitude,1  it 
thereafter  lo*t  light,  and  iu  1840  had  sunk  to  the  tenth 
magnitude.  Collating  all  the  available  data,  Togson  in  1856 
assigned  to  the  diminished  star  a  period  of  seventy-three 
years,  and  predicted  its  restoration  to  naked-eye  visibility  in 
1880.2  But  the  prediction  remains  unfulfilled;  the  obscurity 
of  It  Cephei  seems  likely  to  be  permanent. 

At  Potsdam  in  1898  MM.  Midler  and  Kempf  noticed  a 
star  in  Perseus8  as  variable  in  an  unprecedented  fashion.4 
After  an  indefinite  term  of  constancy  at  6*3  magnitude,  it 
began  in  1892  to  decline  at  the  very  slow  rate  of  one-eighth  of 
a  magnitude  yearly,  and  continued  to  do  so  for  six  years. 
The  counter-process  was  comparatively  rapid.  In  twenty 
months  the  object  had  regained  its  former  status,  so  that  the 
complete  oscillation  occupied  7§  years.  This  time,  however, 
there  was  no  long  stationary  maximum.  Already  by  the  end 
of  1899  fading  had  made  some  progress;  but  it  remains  to 
l>e  seen  whether  any  true  periodicity  can  be  established. 

A  period  of  five  years,  ascribed  by  Mr.  Espin  to  63  Cygni, 

'  Sehunfeld,  Alnnnheimer  JakrttbcrichU,  Bd.  xL  p.  115. 

1   Monthly  A'crfitt*,  vol.  xrii  p.  23. 

'  BD.  +  30"  591,  now  known  u  X  P«nei. 

*  Asfr.  Journ.  No*.  484,  462  ;  Attr.  A'ocA.  No.  8677. 
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has  been  rejected  on  further  experience  of  fluctuations  dis- 
tinctively capricious.  Many,  perhaps  most  red  stars,  are  un- 
stable to  the  extent  of  half  a  magnitude ;  and  63  Cygui  is  a 
very  red  star,  The  fact  that  it  is  one  and  a  half  magnitudes 
fainter  chemically  thaa  visually,  supplies  a  kind  of  measure 
for  the  intensity  of  its  colour. 

The  empirical  rule  that  irregularity  gains  more  and  more 
the  upper  hand  with  increasing  length  of  period  l  is  illustrated 
by  S  Peraei.  Indeed  the  order  of  succession  in  the  changes  of 
this  object  is  by  no  means  satisfactorily  ascertained.  Safarik  ■ 
and  Hagen 8  hold  them  to  be  rudely  periodical  in  about  two 
and  a  third  years ;  hut  most  other  observers  prefer  to  consider 
them  as  entirely  irregular.'1  Their  range  though  wide,  from 
near  the  seventh  to  the  thirteenth  magnitude,  is  seldom  com- 
pletely traversed.  Experience  alone  can  decide  whether  the 
rudimentary  method  traceable  in  these  variations  during 
fourteen  years  previous  to  1894  will  continue  to  regulate 
them  in  the  future.  Phases  so  unpunctual  are  liable  to 
effacement.  Quite  possibly,  the  actual  instability  of  S  Peraei 
represents  a  more  or  leas  transitory  state,  which  may  bo 
succeeded  by  one  of  approximate  constancy  in  shining. 

The  most  illustrious  of  casually  variable  stars  is  rj  Carina?, 
formerly  designated  ij  Argus.  Futile  attempts  have  been  made 
to  accommodate  it  with  periods.  It  has  none.  It  is,  in  the 
full  sense  of  the  term,  irregular.  Its  changes  are  perhaps 
modified  by  influences  of  an  unimaginable  nature  connected 
with  the  vast  surrounding  nebula.  But  those  influences  un- 
doubtedly act  upon  a  body  of  inherently  peculiar  constitution. 
The  spectrum  of  17  Carina;  is  of  a  kind  associated  in  every  other 
known  instance  with  absolute  whiteness.  It  resembles  that 
of  P  Cygni ; a  many  hydrogen  and  helium  lines  ore  brightened 
in  it,  yet  the  star  shows  the  colour  of  a  Mixa -variable. 
Whether  this  was  always  so  or  not,  we  have  no  means  of  d—^flftgr 
The  first  note  of  a  distinctive  hue  in  the  southern  wouder-«Ur 

1  BaArft,  Jour*.  Brit.  A*r.  Amvc  yoI.  ii.  p.  201 

*  AMr.  Jlfaok.  No.  3011.  •  A$tr.  Jour*.  No.  S3). 

*  Peek.  Jour*.  BriL  Attr.  Amx,  Tola.  U.  p.  200 ;  k.  p.  1M. 

*  .Vim  Cannon  found  indication!.  In  the  apaetrum  of  *  Cann»,  of  4  oea». 
poritc  origin  from  ■  eolar.  and  a  hright-liiit  helium  lUr.     Martard  Atmali,  vol 

B>  175.     Sir  David  Gill  recorded  numerous  apeotral  coincidence*  biliw 
Ui«  aouthern  variable  and  Not*  Auriga*.     JrVnM/y  .Vociav,  vol.  hu.  at.  i$tf. 
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was  made  by  I'iazzi  Smyth,  1st  January  1845,  when  he 
announced  from  the  Cape  a  Creah  increase  in  ita  light.  For  a 
month  hack,  he  wrote,  it  had  been  brighter  than  Canopus,  and 
very  red.1  Then  in  1850  Gilliss  found  it  to  outmatch  Mars  in 
depth  of  tint;  and  Thome  described  it  in  1887  us  of  a  "did) 
scarlet/'  passing  into  "  bright  orange  "  during  a  alight  temporary 
rise.  The  history  of  this  star  is  familiar  to  most  of  our  readers.* 
It  need  not  here  be  repeated.  One  fact  in  addition  to  those 
currently  stated  may,  however,  be  mentioned.  In  hia  star- 
maps  of  1603,  Bayer  marked  rj  Argus  as  of  the  second 
magnitude,  probably  on  tin*  authority  of  Petrus  Theodoras  of 
Embden.  who  navigated  the  Indian  seas  1594  to  1596.  The 
variable  was  then  equally  bright  in  the  sixteenth  and  in  the 
eighteenth  centuries,  and  its  comparative  insignificance  when 
Halley  placed  it  in  the  fourth  rank  was  due  to  a  merely 
transient  decline.  Whether  the  splendour  of  its  beams  has 
ever  before  been  so  completely  shorn  away  a**  it  is  now,  might 
be  questioned.  Excesses  entail  exhaustion,  and  the  flaring 
maximum  which  culminated  in  1843  was  followed  by  a  re- 
active sinking  towards  the  ashes  of  extinction.  Since  1886,  as 
the  observations  of  Finlay.  Innes,  and  Robert*  testify,  the  star 
has  wavered  between  7*0  and  7*7  magnitude,  and  no  sign  of 
its  speedy  restitution  to  brilliancy  is  perceptible.  Its  future  is 
beyond  divination.  The  present  minimum  may  be  indefinitely 
prolonged,  but  further  change  is  more  likely  in  the  case  of  so 
ruddy  an  object.  Another  great  outburst  cannot  indeed  be 
reckoned  upon  even  for  a  remote  age.  A  "  temporary " 
character  may  so  far  belong  to  17  Carinae  that  its  biography 
will  include  but  one  absolute  maximum.  The  star  is  sensibly 
devoid  of  proper  motion.1  Its  distance  from  the  earth  must 
accordingly  be  prodigious. 

The  capricious  disappearances  of  R  Coronas  surprised 
Pigott  in  1795.  Usually  of  about  the  sixth  magnitude,  the 
star  is  liable  at  any  moment,  without  note  of  warning,  to  drop 
to  the  thirteenth.  The  intervals  of  maximum  lustre  sometimes 
last  for  years.  One  extended  from  1817  to  1824,  another  from 
1843  to  1S45.4      But  in  the  last-named  year,  and  again  in 

•  M-nthlt  .VohV's  vol.  vi.  p.  244.  3  8y$tem  of  the  Star*,  p.  111. 

Roberta,  Astr.  Journ.  No.  492,  y.  $9. 
'  Astr.  Sack.  Not.  624,  796,  806. 
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1852,  R  Coronae  vanished  from  view  with  Argelander's 
seeker,  regaining  brightness  on  each  occasion  slowly,  and,  as 
were,  with  difficulty.  Of  late  its  descents  have  been  less 
profound.  Schmidt  observed  a  minimum  at  twelfth  magni- 
tude in  August  1883;'  Sawyer  recorded  on  13th  October 
1885  one  arrested  at  74  magnitude.'  Having  been  visible 
to  the  naked  eye  nearly  throughout  1893,  the  star  sank  to 
the  ninth  magnitude  about  7th  March  1894,  and  after  an 
intermediate  partial  recovery,  to  10*25  on  1st  Auguat.* 
By  the  end  of  the  year  the  phase  of  instability  seemed 
to  have  terminated  These  lawless  fluctuations,  taken  in  con- 
nection with  the  extraordinary  spectral  changes  ascribed  to  it. 
render  this  object  one  exceptionally  inviting  to  careful  study. 

An  analogue  to  it,  but  with  a  much  narrower  range  of 
mutability,  is  the  lucid  white  star  «  Aurigie.  Ordinarily 
of  the  third  magnitude,  it  fades  at  long  and  uncertain  intervals 
to  one-quarter  of  this  brightness.  One  such  diminution  was 
observed  by  Heis  in  1847;  another  by  Schmidt  in  1875.' 
There  is  nothing  in  the  quality  of  the  light  to  account  for 
them.  The  spectrum  is  modelled  on  that  of  Proeyon,  only 
with  an  increase  of  definiteness,  and  marked  differences  of 
relative  intensity  iu  the  lines.6 

The  vicissitudes  of  T  Tauri  derive  special  interest  from 
their  presumable  connection  with  those  of  a  group  of  nebulas. 
Discovered  by  Hind  11th  October  1852,  it  dwindled  during 
fifteen  years  from  tenth  to  twelfth  magnitude  pari  jm$m 
with  the  fading  of  the  adjacent  "temporary"  nebula,  but 
attained  in  March  1868  a  second  and  higher  maximum, 
ooincidently  with  the  brightening  of"  Struve's  nebula,"  another 
member  of  the  collection.  Again  it  declined,  and  was  Wfl 
unnoticed  from  1877  until  Burnhain  and  Barnard,  directing 
the  Lick  thirty -six  inch  to  its  place  in  October  1890.  i*i- 
oeived  it  as  the  faint  nucleus  of  a  small  condensed  nebula* 
which  four  and  u  half  years  later  survived  only  as  a  feeble 
glow  round  the  almost  extinct  variable.  The  gkn 
resolved  by  the  Yerkes  refractor  into  a  little  wisp  of  ne 

1  Goto,  Revited  Cat  of  Var.  Stan,  1383.  *  AUr.  Jvurn.  So.  HI. 

1  H.  Corder,  Nemeirt  Brit,  Artr.  A$*x.  rol.  t.  pi.  ii.  p.  91. 

*  Attr.  Saeh.  No.  2704. 

*  A.  C.  Maury,  Harvard  AnnaU,  vol.  EXvfli  p.  31. 

•  Monthly  Xotiera.  rol*.  1.  p,  94  ;   It.  p.  145 
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losity,  attached  brush-wise  to  the  star ; '  and  partial  impressions 
of  it  came  out  on  plates  exposed  by  Professor  Keelor  for  four 
hours  with  the  Cmssley  retiecUjr,  6  th  and  29th  Deueiuher 
1899.*  "Can  it  be/'  Professor  Barnard  asks  in  rurpriae, 
"that  the  star  becomes  essentially  u  nebula  ae  it  tfttl 
light  ?  "  The  question  goes  to  the  root  of  cosmic  relations, 
and  it  is  raised  under  more  than  one  MMOfl  by  iiivestigHiitin*: 
of  stellar  variability.  The  associations  and  transformations  of 
T  Tauri  are  hence  of  profound  significance,  and  should  be 
diligently  supervised  until  they  can  be;  linked  together  by 
some  rational  principle  of  causation. 

Irregular  variability  has  a  wide  and  indefinite  reach.  Jt 
includes  changes  uimost  instantaneous,  and  changes  well-uigli 
millennial  in  their  development.  The  light  of  certain  stars 
has  undergone  a  alow  secular  decline.  A  noteworthy  instance 
is  that  of  0  Eridani,  identical,  as  Dr.  Anderson  hus  con- 
clusively shown,1  with  I'tolemy's  "  Last  in  the  River "  (the 
Arabic  Athcmar),  the  title  and  honour  of  which  have  been 
usurped  by  the  more  southerly,  and  now  far  brighter  a  Eridani. 
Al-Sufi  in  the  tenth  century  reckoned  6  among  the  thirteen 
brightest  stars  visible  in  Ink  mxl  it  was  still  of  th>  first 
magnitude  in  1437,  the  epoch  of  Ulugh  Beigh's  Catalogue. 
Yet  it  had  sunk  to  the  third  when  Halley  visited  St.  Helena 
in  1677,  and  of  the  third  it  still  remains.  Two  other  stars 
which  have  undeniably  faded  with  the  lapse  of  centuries  are 
0  Leonis  and  &  Ursee  Majoris,4  and  their  fading  may  even 
now  be  imperceptibly  progressing.  Nor  is  their  eventual 
restoration  by  any  means  assured.  Accessions  of  lustre  are 
rarer,  and  often  transitory.  On  6th  August  1868,  83  Ursa 
Majoris,  a  sixth-magnitude  star  near  Mizar,  was  seen  by  Birming- 
ham to  \tc  the  equal  of  8  Ursa; ;  though  for  that  night  only. 
The  next,  it  had  visibly  gone  off,  and  before  long  the  whole  of 
its  added  splendour  had  departed.  Its  amount  was  very  con- 
siderable. The  star  attained,  during  its  unexplained  rise,  to 
threefold  its  customary  brilliancy.  One  of  Burnham's  close 
pairs,  z  Virginia,  underwent  in  1866  a  similar  phase.  This 
was  U'fore  it  was  known  to  be  double,  so  that  our  curiosity  as 
to  whether  both  the  uearly  equal  components  shared  in  the 

'  Monthly  Xotict*,  vol.  lix.  ju  374.  »  Ilnd.  vol.  lx.  p.  426. 

J  Knowtrdiji,  vol.  xvi.  [».  124.  *  Gore,  ibid.  vol.  xxii.  p.  176. 
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brightening  remains  ungratified.  Red  stare  not  infrequt 
drop  abruptly  to  a  lower  rank.  Thus  the  Danish  aBtron* 
Torwald  Kohl  had  for  years  observed  B.D.  +  200  1083>  in 
the  constellation  Taurus,  as  of  7*7  magnitude,  when  on  S 
January  1898  he  was  taken  aliack  to  find  it  not  much  above 
the  ninth.1  Sixty  per  cent  of  its  rays  had  been,  as  a  con- 
sequence of  some  inexplicable  collapse  of  energy,  subtracted  or 
suppressed.  A  stop  towards  the  bourne  from  which  there  is 
no  returning  may  be  taken  in  such  cases.  Stare  vanish,  but 
they  seldom  or  never  reappear.  Yet  renovation  plays  its  pan 
no  less  than  decay.  Waning  stars  have  their  correlatives  in 
waxing  stars.  Alcor,  the  Rider,  and  Benetnasch,  the  third 
Horse  of  the  Wain,  are  among  these.  Pollux,  too,  seems  to 
have  bettered  its  position,  and  Alcyone  is  far  more 
dominant  than  of  yore  in  the  Atlantid  family.  Night's  rol 
will  still  be  profusely  spangled,  even  though  a  few  of  i 
gems  grow  dim. 

1  Attr.  tfaeK  No.  8475. 
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A  temporary  star  u  a  variable  that  rises  aheer  from  profound 
obscurity  to  a  single  maximum.  The  maximum  may  1* 
prolonged  or  multiple,  but  it  must  be  essentially  one.  The 
occurrence  of  a  second  independent  outburst  would  at  once 
relegate  the  object  to  the  category  of  irregular  variables.  The 
distinction  is  perhaps  arbitrary,  but  we  can  only  investigate 
by  dividing.  It  will  bo  best  to  plunge  at  once  in  medias  re* 
with  some  account  of  an  apparition  which  attained  to  epochal 
importance  through  the  efficacy  of  photographic  methods  of 
research. 

Nova  Auriga*  sprang  into  conspicuousness  with  the 
stealthy  speed  of  Jack's  Beanstalk.  On  8th  December  1891 
Dr.  Max  Wolf  took,  at  Heidelberg,  a  photograph  of  the  sky 
round  ^  Auriga?,  showing  stars  to  the  ninth  magnitude.  The 
Nova  was  not  among  them ;  the  spot  destined  for  its  occupa- 
tion was  vacant.  Forty-eight  hours  later,  as  a  Harvard 
negative  attested,  a  fifth  magnitude  star  filled  the  blank.  By 
20th  -January  1892,  twelve  records  of  this  stranger's  presence 
were  included  in  the  same  series;  but  inadvertently,  for  the 
documents  were  stored  up  unread,  and  it  was  only  through 
their  subsequent  examination  that  a  maximum  of  4'4  magni- 
tude was  inferred  to  have  taken  place  on  20th  December. 
During  nearly  two  months,  then,  a  new  star,  readily  visible  to 
the  naked  eye,  shone  unnoticed  in  the  heavens.  It  was 
finally  j»erceivcd  by  an  amateur,  Dr.  Thomas  D.  Anderson  of 
Edinburgh,  and  an  anonymous  post-card,  by  which,  on  1st 
February  1892,  he  conveyed  the  news  to  Dr.  Copeland, 
formed   the  ntarting- point  of  widespread  astronomical  activity. 
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The  spectrum  of  the  Nova  was  promptly  photographed  at 
Tulse  Hill,  South  Kensington,  Stonyhurst,  Potsdam,  anJ 
Mount  Hamilton  ;  eager  study  was  devoted  to  its  implica- 
tions ;  and  they  were  of  a  most  unexpected  kind.  For  no 
previous  stellar  apparition  had  been  analytically  recorded ; 
and  the  similar  spectral  phenomena,  doubtless  present  is 
Nova  Corona;  and  Nova  Cygni,  eluded  definite  determination 
with  the  eye  But  when  the  turn  of  Nova  Aurigffl  came,  the 
spectrograph ie  method  was  effectively  at  hand,  and  the 
peculiarities  of  its  light  could  be  rendered  obvious,  salient, 
and  permanent  Some  of  them  were  indeed  visually  mani- 
fest. The  spectrum  was  at  once  seen  to  blaze  with  bright 
lines,  many  of  them  greatly  widened  (see  Plate  XVII.) ;  and 
nearly  all  came  out  photographically  as  attended  by  strong 
dark  companions  on  their  more  refrangible  sides.  The  entire 
hydrogen  series,  from  crimson  C  to  the  last  of  its  ultra-violet 
associates,  was  thus  doubled,  no  less  than  the  pre-eminent 
calcium  pair,  the  sodium  D,  and  a  considerable  number  of 
lines  since  identified  as  originating  from  helium.  An  ex- 
ceptional  feature  was  the  predominance  of  "  green "  helium  ; 
D3  and  the  rest  of  the  lines  belonging  to  the  "  yellow 
were  comparatively  faint;  while  \  4922,  \  5016,  and 
fundamental,  X  66 78,  shone  lustrously.  Their  superiority, 
never  before  observed  in  the  spectrum  of  a  heavenly  body, 
results  in  the  laboratory  from  heightening  the  exhaustion 
of  the  emitting  gas ;  but  this  condition  seemed  to  be  excluded 
in  Nova  Auriga:  by  the  distended  aspect  of  rays  unmistakably 
proceeding  from  a  more  than  ordinarily  condensed  atmospheric 
stratum.  Unprecedented,  likewise,  was  the  simultaneous 
brightening  of  the  three  D- lines.  No  stellar  spectrum  pre- 
viously observed  had  shown  the  action  of  sodium  otherwise 
than  by  absorption.  Both  characteristics,  it  is  true,  may  hare 
been  present  in  earlier  Nova*,  but  they  first  arrested  attention 
in  Anderson's  star. 

These  novelties,  curious  though  they  were,  sank  nevertheless 
into  insignificance  compared  with  one  dominant  trait.  This 
was  the  large  opposite  displacements  of  the  bright  and  dark 
sets  of  lines.  Contrary  motions  of  prodigious  velocity  appeared 
to  be  indicated,  and  for  a  time  their  prevalence  was  taken  to 
It*-  iucontrovertibly  attested.     The  outburst,  by  a  consensus  of 
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opinion,  resulted  from  the  approach,  ami  integrated  the  light  of 
two  components,  one  a  bright-lino  **1**  receding  from  the  earth 
at  the  rate  of  about  230  miles  a  second,  the  other  a  dark -line 
star  hurrying  towards  it  with  a  speed  of  320  miles.  Soon, 
however,  incongruities  began  to  develop,  and  they  grew 
and  multiplied  as  time  wont  on.  To  begin  with,  tin-  s[«n;trul 
shifts  underwent  no  alteration ;  the  movements  indicated  by 
them — if  they  did  truly  indicate  movements— persisted  with- 
out abatement  as  the  bodies  animate*!  by  them  withdrew 
from  each  other's  vicinity  to  a  distance  greatly  exceeding  that 
of  Neptune  from  the  win.  Now  velocities,  to  continue 
uniform,  mutt  be  inherent ;  that  is  to  say,  they  cannot  represent 
the  merely  temporary  effect*  of  gravitational  pull,  since  orbital 
acceleration  is  strictly  balanced  by  retardation.  Evidently, 
then,  the  components  of  Nova  Auriga1  did  not  simply  fall 
together;  they  should  haw.  Iktii  fabulously  ununuve  to  have 
produced,  by  their  mutual  attraction  from  infinity,  a  speed 
which  continued  at  the  rate  of  650  miles  a  second  three 
months  after  the  periastral  rush -past,  the  date  of  which 
presumably  coincided  with  the  first  rise  to  brilliancy  on  10th 
December.  Professor  Seeliger  of  Munich1  calculated  that 
15,000  times  the  sun's  gravitative  power,  at  the  very  least, 
must  have  been  at  work  if  the  orbits  traversed  were  parabolic; 
and  the  extravagance  of  the  estimate  sufficed,  and  was  de- 
signed to  compel  its  rejection.  Hyperbolic  motion  was 
accordingly  resorted  to  ;  the  encountering  bodies  brought,  it 
was  supiMDsed,  their  own  velocities  with  them  from  the  farthest 
bounds  of  space ;  and  they  were  of  so  high  an  order  that 
the  increments  due  to  mutual  gravity  left  them  sensibly  un- 
altered. A  pair  of  "  runaway"  stars,  one  moving  towards,  the 
other  from  the  earth,  must,  it  seemed,  have  accidently  passed 
each  other  almost  within  grazing  distance.  They  were 
primitively  unrelated ;  their  quasi -collision  could  never  be 
related ;  they  were  as  unlikely  as  any  two  stars  in  the 
heavens  to  be  similar  in  constitution.  Yet  their  spectra 
a  1  tinned  their  clow  affinity  ;  both  were  of  pure  helium  type ; 
one  might  be  culled  the  negative  copy  of  the  other.  Nor 
was  this  all.  Anomalies  still  more  glaring  presently  disclosed 
themselves.      Too  obviously,  on   the  adopted  hypothesis,  one 

1  ststr.  Xtuk.  No.  3118- 
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pair  of  meeting  stars  could  not  suffice  to  explain  the  pheno- 
mena. Vogel  stipulated  for  a  triple  encounter;*  Campbell 
found  evidence  of  the  interaction  of  four  luminous  masses.' 
The  more  attentively,  in  fact,  the  spectrum  was  examined, 
the  more  complex  it  appeared.  The  bright  lines  were  not 
simple  emanations,  but  groups  of  differently  refrangible  rays  : 
the  dark  lines  were  intersected  by  bright  threads,  variable  in 
number  and  position.  Several  distinct  sets  of  lines,  each 
with  its  separate  amount  of  shift,  and  each  hence  associated 
with  a  differently  moving  mass,  thus  stood  out  independently. 
"  On  the  hypothesis  of  four  bodies,"  i*rofessor  Campbell  wrote. 
■  the  principal  system  of  bright  lines  was  not  displaced  ap- 
preciably, and  the  star  yielding  it  was  practically  at  rest  with 
reference  to  the  solar  system.  Another  system  was  displaced 
towards  the  red,  a  distance  corresponding  to  a  velocity  of 
recession  of  about  315  miles  a  second.  The  syBteiu  of  fine 
bright  lines,  and  likewise  the  system  of  dark  lines,  were  dis- 
placed towards  the  violet,  a  distance  corresponding  to  s 
velocity  of  approach  of  about  400  miles  a  second."  The 
analysed  light  of  the  Nova,  on  this  showing,  consisted  of  four 
superposed  spectra  disconnected  in  their  origin.  The  case, 
however,  was  presented  with  diffidence  ;  no  conclusive  force 
was  claimed  for  it.  The  spectrum,  indeed,  if  multiple  at  all. 
was  more  than  quadruplicate.  Victor  Schumann  pointed  out  * 
that  not  less  than  six,  if  as  many  as  two  stars  were  engaged 
in  the  outburst,  and  planets  ad  libitum,  were  thrown  into  the 
mt.ttt  by  VogeL4  The  collision-theory,  in  short,  collapsed 
under  the  weight  of  the  facts  it  had  to  carry ;  speculation 
was  plainly  off  the  track  ;  u  new  principle  of  explanation 
had  to  be  sought.  It  was  difficult  to  find;  yet  some 
probable  though  partial  truths  had  been  laid  hold  of 
William  Huggins,  for  instance,  pointed  out  that  the  com- 
plexities of  the  spectrum  might  be  in  part  due  to  u  reversals  " 
in  the  atmosphere  of  a  single  star.*  Such  effects  of  the 
stratification  of  glowing  vapours  are  common  in  the  son,  and 
may  be  artificially  produced  in  a  diversity  of  forms.     Their 

1  AMr.  m*d  Asfrophyru*,  vol.  xi.  p  395. 

*  nid.  p.  610.  "  IbuL  rol.  lii.  p.  If*. 
4  Jb/umMumgm  irr  Kon.  Akad.  Berlin.  1893,  p.  58. 

*  Dimmm  tu  (h*  Royi  fnittoutwik  13th  May  1592. 
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presence  in  Nova  Aurigre  waa  dearly  recognisable.  The 
opinion,  too,  expressed  by  Father  Sidgreaves  might  safely  bu 
adopted  that  the  spectrum  of  the  new  star  ■  was,  on  the  whole, 
what  the  aolar  chromospheric  spectrum  might  be  expected  to 
show  on  a  grander  scale  of  disturbance." !  Finally,  M. 
Seeliger's  general  theory  of  stellar  conflagrations,9  aa  arising 
from  the  passage  of  compact  bodies  through  "  cosmiud  clouds." 
or  nebulas,  though  strained  to  meet  superfluous  requiremeuta, 
had  fundamentally  much  to  recommend  it.  Entire  originality 
could  not  be  claimed  for  it;  Mr.  Monck,  aud  possibly  others 
besides,  had  earlier  proposed  a  Rimilar  view;  but  it  was  by 
Seeliger  independently  developed,  and  independently  applied 
to  the  circumstance*  of  the  latest  event  Theae  were  indeed 
particularly  embarrassing  to  theorists.  They  seemed  to  imply 
the  continuous  prr>grc«8  of  opposite  radial  movements  of 
enormous  velocity,  and  the  problem  of  bringing  them  into 
play,  whether  by  the  rushing  of  inflamed  gases  or  by  the 
bodily  transport  of  luminous  globes,  was,  when  considered  in 
all  its  complicated  bearing,  formidable,  if  not  desperate. 
Yet  it  bad  to  be  faced,  for  at  that  time  spectral  displacements 
were  explicable  only  as  effects  of  motion  ;  they  should  perforce 
be  interpreted  on  the  radial  velocity  principle.  This  is  no 
longer  absolutely  prescribed ;  the  same  phenomena  have  been 
found  to  l>ear  other  meanings — meanings  not  yet  thoroughly 
intelligible,  but  promising,  when  they  l>ecome  so,  to  provide 
the  keys  to  many  enigmas. 

We  may  now  trace  the  further  course  of  the  apparition. 
During  nearly  three  months  it  retained  most  of  its  brightness, 
despite  wide  fluctuations;  then  on  6th  March  a  precipitate 
decline  set  in,  bringing  the  object  on  26th  April  to  the  limit 
of  visibility  with  the  great  Lick  refractor.  In  Fig.  42  the 
course  of  change  so  far  is  graphically  portrayed.  It  was 
naturally  believed  to  have  reached  its  term ;  the  Nova  seemed 
definitively  extinct;  but  in  this,  as  in  other  respects,  its  be- 
haviour defied  anticipation.  Observations  resumed  1 7th  August 
1892,  after  it«  conjunction  with  the  sun,  showed,  in  the  place 
of  the  vanished  star,  a  stellar  nebula  of  the  tenth  magnitude.' 
The   recovered    light   was   entirely   altered   in   quality.       No 

Astr.  anit  A<ro}>hysUs,  vol.  xi.  p.  S07.  a  Ibid.  p.  W7. 

1  (  nr, ;.:■*•!],  Astr.  and  Aatroj*Kfnct,  vol.  xL  p.  716. 
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stranger  disclosure  has  been  made  by  the  prismatic  method 
than   that  of  the  spectral   transformation   of  Nova   Aurigse 
between  March  and  August     The  dark  lines  of  the  former 
spectrum  had  become  effaced ;  the  bright  lines  were  no  longer 
chromospheric  but  nebular.    Their  character,  moreover,  denoted 
li^Uirbance  of  a  very  peculiar  kind.      They  were  wide  and 
hazy,  and  some  at  least  could  be  resolved  into  groups  projected 
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t  a  feeble  luminous  background.1      Plainly  the  state  o 
gs  producing  the  complex  "  reversals  "  noted  in  the  spring 
become  intensified  in  the  reappearance  of    the  autumn 
the  multiple  bands  composing  the  new  spectrum  corre 
ded  most  faithfully,  in  number  and  mean  position,  witl 
rays    of   a    planetary    nebula.        The    representation   wbj 
itially  perfect.       Out  of   nineteen  Nova-lines  measure 
Professor  Campbell,  only  one  of  subordinate  import*na 
ared  foreign  to  nebular  light.3     Both  the  Wolf-iUyet  bit* 

1  Hoggina,  /Voc  Boyal  Society,  toI.  lir.  p.  SO. 
■   Astr.  ami  Jwtrophynes,  toI.  xii.  |i.  723. 
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bands  wen;  present,  as  in  certain  pLiuet&riea;  while  the  dis- 
tinctive, though  enigmatical,  nebular  line  at  X  373,  noticed  an 
absent  from  the  TnU-  ilill  photograph*  .1  the  original  spectrum, 
emerged  l|  it  altered,  and  waa  recorded  by  Von  (Jot  hard  at 
HenSny  in  November  1892.1  All  the  metallic  lines,  all  the 
helium  line*  (except  a  trace  of  X  4472)  had  died  out,  only 
those  of  hydrogen  survived ;  and  hydrogen  glows  universally. 
The  metamorphosis  could  hardly  have  been  more  complete. 
Professor  Campbell  might  well  say  that  the  relation  of  the 
later  to  the  earlier  Bptofcnm  ffM  "  not  apparent."  *  It  was 
certainly  most  obscure.  At  least,  however,  the  conviction  was 
acquired  that  the  light  ■  emanated  from  one  source  ; "  although 
subsequent  experience  obliges  us  to  regard  as  fictitious  the 
rapid  approaching  movement  attributed  to  that  source  on  what 
then  seemed  incontrovertible  evidence.  The  presumed  velocity 
reached  a  maximum  of  190  miles  a  second  in  SepteuiW,  but 
in  November  1392  had  decreased  to  about  half  that  value. 
And  th6  slackening  continued  until,  at  the  end  of  two  year*. 
the  shifted  lines  occupied  almost  normal  positions.  Subsid- 
ence of  physical  agitation  might  safely  be  associated  with 
the  change.  It  was  attended  by  spectral  modifications  of  a 
different  kind.  In  the  transformed  Nova  bright  lines  at 
X  436  and  X  575  were  at  first  prominent.  They  also  occur 
in  nebula},  but  by  exception  and  inconspicuously.  Eventually 
they  faded  out,  and  the  spectrum  remained  typically  nebular 
save  for  the  anomalous  breadth  of  the  lines.* 

As  a  star,  Nova  Aurigse  had  been  decidedly  yellow ;  in  its 
nebular  stage  it  assumed  a  greenish  tint.  Its  chromatic 
peculiarities  accounted  for  the  haziness  of  its  aspect  with 
many  refractors.  Outstanding  rays,  left  unfocussed  when  the 
rest  were  united,  created  a  spurious  disc  of  which  no  trace 
could  Is?  perceived  with  a  reflector.*  The  revived  Nova 
maintained  tenth-magnitude  lustre  with  trifling  fluctuations 
for  upwards  of  four  years ;  then  it  began  once  more  slowly  to 
decline,  and  in  the  latter  part  of  1897  looked  "more  like  a 
most  minute  and   faint  planetary  nebula  than  a  star."6     In 

1    Asfr.  ntu(  Astrojihytic*,  vol.  ni.  p.  64. 

*   PuM.  Pacijie  Society,  vol.  iv.  p.  248. 

1  C&ui]>l>ell,  Astroyh.  Jmirn.  voU.  i.  p.  49  ;  t.  p.  240. 

1   Hu&fiiiM,  Astr.  ar\d  Attrophysits,  vol.  xiii.  p.  239. 

■   Peek,  Journ.  Brit.  Atir.   Attoc.   vol.  U.  p.  200. 
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1897  it  had  sunk  below  the  thirteenth  magnitude;  in  1900 
it  touched  the  fourteenth.1  A  partial  revival  wag  noted  at 
the  Lick  and  Yerkes  observatories  in  1901,  the  peculiarity  of 
its  focus  continuing  to  indicate  the  nebular  quality  of  its  light.' 

Nova  Aurigas  was  neither  the  first  nor  the  last  temporary 
star  to  don,  in  fading,  a  garb  of  nebular  light.  Nova  Cygni 
passed  through  an  identical  phase,  and  the  example  has  since 
been  frequently  imitated  Chiefly,  indeed,  the  methods  of 
investigation  brought  to  bear  upon  it,  and  the  novel  con- 
siderations to  which,  in  consequence,  it  gave  rise,  rendered  the 
apparition  of  1892  memorable.  Its  dominant  features  were 
those  of  a  model  "  blaze  star " ;  but  they  were  for  the  first 
time  decisively  ascertained.  An  evanescent  phenomenon  wa* 
rendered  virtually  permanent,  and  for  dubious  visual  im- 
pressions, definite  transcripts  of  fact  were  substituted.  They 
are  likely  to  be  multiplied  in  the  future ;  and  it  has  mean- 
time become  abundantly  clear  that  no  special  theory,  fitting 
only  the  circumstances  of  Nova  Aurigte,  can  be  true.8  What- 
ever rationale  of  them  may  be  ultimately  adopted,  it  must  be 
one  capable  of  general  application. 

The  photographic  era  of  investigation  began  with  Nora 
Aurigae,  that  of  photographic  discovery  with  Nova  Norma?, 
The  former  object  was  still  visible  when  the  latter  came  into 
notice.  Virtually  a  replica  of  the  earlier  spectrum  imprinted 
itself  upon  a  Draper  Memorial  plate  exposed  at  Arequipa  by 
Professor  Bailey  10th  July,  and  examined  by  Mra  Fleming  at 
Harvard  College  26th  October  1893.1  It  included  about  ft 
dozen  bright  lines,  each  shadowed  by  a  dark  one  on  its  more 
refrangible  sida  In  position,  in  relative  shift,  in  character, 
the  system  of  duplicate  rays  matched  with  singular  fidelity 
that  scrutinised  and  wondered  at  in  the  previous  year.  There 
was  then  nothing  casual  about  its  production.  The  spectral 
displacements  and  the  augmented  rcfrangibility  of  the  dark 
lines  belonged  to  the  essence  of  the  phenomenon.  Portentous 
velocities,  specially  directed,  and  inherent  in  specially  con- 
stituted  masses,  could     have   hud   nothing    to   do  wk! 

1  Riml«ut,  Otmrrutory,  vol.  Ufa  p.  301. 

•  lUid.  p.  S60  ;  lUra.nl.  A*rvjJt.  Jtmrn.  vol.  itr.  p.  US ;  JlofdJJy  \*4<m, 

v.. I,  liii.  |>.  61. 

1  Campbell,  AstrojJi.  Jtnirn.  roL  i.  p.  M. 

'   I'ickcriug,  Aftr.  and  ,-t*tropht/*iu,  to).  liii.  pp.  40,  393. 
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The  appearance  of  Nova  Norma-,  then,  dispoeed  of  what  was 
left  of  the  encountering  star-theory. 

The  conflagration  waa  of  a  strictly  temporary  nature. 
Absence  from  a  chart-plate  proved  the  star  to  have  boon  fainier 
than  the  fourteenth  magnitude,  27th  May  1 803;  and  a  spectro- 
graphic  plate,  taken  21st  June,  added  the  information  that  it 
had  not  at  the  later  data  reached  tenth -magnitude  bright- 
ness. Its  rise  to  the  seventh,  on  or  before  10th  July,  was 
probably  effected  in  a  few  hours;  but  though  fortunately 
registered  at  an  early  stage  in  its  career,  it  was  not  recognised 
for  nearly  four  months,  by  which  time  it  had  sunk  to  one- 
sixth  of  its  primitive  lustre.  The  same  marvellous  change 
witnessed  in  Nova  Auriga*  attended  its  decline.  On  13th  Feb- 
ruary 1894  Professor  ('ampliell1  miivrni. d  in  observing  the 
star  with  the  Lick  thirty-sis  inch,  in  spite  of  its  low  meridian 
altitude  of  barely  2£>  degrees.  The  spectrum  was  nebular. 
It  consisted,  to  the  eye,  of  the  well-known  trio  of  green  rays, 
together  with  the  golden  line  (X  575),  also  emitted  by  the 
transformed  Nova  of  August  1892.  Measurement*  of  them 
afforded  no  evidence  of  displacement ;  their  wave-lengths 
were  as  usual  Towards  the  middle  of  1895  Nova  Norms- 
became  telescopically  invisible.  It  was  already  provided 
with  a  successor.  Just  as  it  glimmered  out,  a  star  in  the 
constellation  Argo  lit  up.  Nova  Carinas  was  detected  by 
the  same  means  as,  though  with  somewhat  more  delay 
than,  Nova  Norma;.  Two  impressions  of  its  spectrum,  which 
chanced  to  be  secured,  on  14th  April  and  15th  June  1895 
reflectively,  disclosed  precisely  the  same  arrangement  of 
coupled  lines,  the  dark  set  above  the  bright,  so  remark- 
able iu  earlier  examples.2  During  those  two  months  this 
had  not  appreciably  varied,  but  a  significant  change  of  a 
different  kind  had  come  about.  A  vivid  ray  at  X  4700 
(approximately),  scarcely  visible  14th  April,  was  as  bright  as 
the  hydrogen  lines  on  15th  Juna  Its  identity  with  the  Wolf- 
lluyet  azure  band — the  leader  line  of  the  Rydberg  hydrogen 
series — may  safely  l>e  assumed,  and  its  kindling  was  most 
likely  the  prelude  to  a  complete  nebular  transformation.  But 
i if  this  we  have  uo  certain  knowledge,  since  the  later  history 

1   .<ff/r.  ami  A strvphysies,  vol.  jiii.  p.  311  ;  A  tit.  Xaeh.  No.  3211. 
3  Harvard  Circular,  No.  1. 
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of  Nova  Carina?  remained  unwritten.  The  conflagration  was 
brief;  it  had  burnt  itself  out  before  Mrs.  Fleming's  examina- 
tion of  the  plates  transmitted  from  Arequipa  gave  the  alarm 
of  its  occurrence.    Hence  no  express  observations  were  feasible. 

The  year  1895  was  prolific  of  temporary  stars.  One  wo* 
retrospectively  announced  to  have  appeared  in  the  constellation 
Perseus  in  1887-1  A  bright-line  spectrum,  dimly  self-imprinted 
upon  a  Draper  Memorial  plate  exposed  at  that  period,  was  at 
first  thought  to  signify  the  rise  to  maximum  of  an  ordinary 
Mira-variable.  But  the  originating  object  soon  vanished,  to 
all  seeming,  definitively,  and  its  brief  incandescence  asserted 
itself,  by  its  non-recurrence,  as  that  of  a  new  star.  There  was 
a  further  note  of  distinction.  The  fifth  line  of  hydrogen  (Hr), 
never  apparent  in  an  ordinary  variable,  glimmered  in  the 
peculiar  spectrum  of  the  star  of  1887.  which  included  besides 
an  unknown  line  at  X  4060. 

The  last  record  obtained  of  Nova  Carina?  preceded  the  first 
of  Nova  Centauri  by  just  a  fortnight.  They  differed,  however, 
widely  in  character.  The  spectrum  singled  out  by  Mrs.  Fleming, 
12th  December  1895,  from  a  crowded  specrrographic  picture 
taken  at  Arequipa  18th  July  in  the  same  year,  resembled 
that  of  an  exceptional  nebula,  30  Doradus.  It  seemed  abort- 
ively or  imperfectly  stellar.'  The  source,  too,  from  which  it 
emanated  was  situated  in  a  nebulous  environment.  With  the 
fading  of  its  brightness — which  probably  never  greatly  ex- 
ceeded the  seventh  magnitude — an  outlying  portion  of  a  known 
nebula  (N.G.C.  5253),  momentarily  effaced  by  the  blase, 
as  a  fire  is  "put  out"  by  the  sun,  shimmered  into  view, 
like  a  halo  round  the  dying  star.8  It  still  survives,  while  not 
a  trace  can  be  seen  of  its  quondam  inmate.  By  the  time  thai 
Nova  Centauri  came  to  be  recognised,  it  was  unfortunately 
already  far  advanced  on  its  return  to  obscurity.  It  had  sunk 
below  the  eleventh  magnitude  on  22nd  December,  when 
Professor  Campbell  secured  the  first  of  three  observation* 
of  its  spectrum.  He  described  it  as  continuous,  though 
peculiar,  for  the  bine  section  was  of  disproportionate 
strength,  and  the  yellow  showed  inequalities,  as  if  through  tb* 

1  J/armrri  Circular.  No.  4. 

1  Ibid.  No.  4  ;  Atrapk.  Joun.  vol.  ill.  p.  214. 

1  W.  J.  Hdih)',  A*tr.  Jour*.  No.  883  ;  Pubi.  Patifie  Socxtty,  rol.  riu.  p.  230. 
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superposition  of  bright  lines.1  A  purling  glimpse  of  the 
strange  star  was  caught  by  Profeasoi  Huaaey  at  lick  on  16th 
July  1896.  It  wan  then  excessively  faint,  and  immersed  in 
nebulosity.  The  analogy  between  tin*  apparitiou  and  Dint 
which  illuminated  the  great  Andromeda  nebula  in  1885  was 
unmistakable.  and  both  diverged  significantly  from  the  tyju- 
of  Nova  Auriga*. 

It  was  inverted  to  by  Nova  Sagittarii.  This  »tar  was 
photographeil  at  Aretjuipa  8th  March  lsi»K,  mid  identified 
by  Mrs.  Fl fining  as  "new"  a  year  later.*  Yet  it  wan 
at  maximum  fully  the  equal  of  Nova  Auriga*,  ami  im/li; 
have  been  seen  nt  a  glance  by  any  one  familiar  with  r*kj 
scenery.  It  waned,  however,  very  speedily.  It  was  of  only 
8*2  magnitude  on  19th  April,  when  a  sjHvtrographic  record 
chanced  to  be  secured,  and  had  declined  to  the  eleventh  before 
its  deliberate  investigation  became  possible.  Plate  XVI.  Fig  4, 
reproduces  tWO  ajjectral  photographs  of  Nova  Sagittarii.  obtained 
within  forty^'i^ht  hour*  of  each  other.  Six  or  seveu  hydrogen 
lines  are  shown  in  them,  broad  and  bright,  bnt  without  the 
dark  companions  usually  visible  in  such  spectra.  The  second 
band  from  the  right  is  the  more  refrangible  of  the  Wolf-rUyet 
blue  radiations  (X  4643) ;  the  K  of  calcium  is  absent,  but 
six  sharp  rays,  identified  with  chemically  unclaimed  lines  in 
the  s]>ectruin  of  Nova  Aurigse,  came  out  distinctly  on  the  nega- 
tives. Although  taken  at  so  brief  an  interval,  the  records 
disagreed  in  some  particulars.  Thus  the  unknown  line  at  X 
4000,  emitted  by  the  first  Nova  Persei  (1887),  was  strongly 
absorbed  in  Nova  Sagittarii  on  19th  April,  but  had  vanished 
on  2 1st  April;  while  the  chief  nebular  line,  invisible  at  the 
earlier,  shone  at  the  later  date.  The  initiated  change  did 
net  stop  hem  In  March  and  April  1899  a  purely  nebular 
s]H'<  Hum  was  derived  from  the  semi-extinct  object  by  Professors 
f'ainpliell  and  Wright.1  The  regular  cycle  had  been  run 
through  ;  a  planetary  nebula  replaced  the  faded  star.  In  one 
important  rexpect,  nevertheless,  Nova  Sagittarii  had  departed, 
so  far  a^  the  extant  data  could  inform  us,  from  the  pattern  set 
by   Nova   Aurigse.     The  spectrum,  as  already  mentioned,  was 

1   Attroph.  Journ.  voL  t.  p,  238. 

-  ihiriard  Circu/nr,  No.  *2  ;  Attroph,  Journ.  vol.  ix.  p.  269  (Pickering). 

1  Ibid.  p.  508. 
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BUgle,  not  duplicated  by  aljsorptiou.  But-  there  is  goo 
to  believe  that  this  difference  did  not  originally  exist ;  it  super- 
vened willi  the  declension  of  light.  In  "  temporary  "  sjiectrn 
the  bright  lines  always  seein  to  survive  the  dark  ;  the  chiaro- 
scuro effect  is  produced  only  near  the  period  of  maximum,  and 
this  period  had  terminated  before  the  star  of  1898  was  spectr 
graphically  registered.  Earlier  impressions,  we  may  be  6uw, 
would  have  displayed  the  coupled  lines  symptomatic  of  the 
enormous  disturbances  attendiug  these  extraordinary  outburst*. 

Their  frequency,  established  by  the  camera,  is  a  fact  of 
subversive  import,  but  has  already  ceased  to  axeite   nop 
The  recognition  of  the  autographs  of  new  stars  has  become  a 
regular  part  of  the  business  conducted  at  such  a  *  Solomon** 
House"  as  the  Harvard  College  Observatory.      In  the  Annual 
Reports  thence  issued  the  mention  of  new  stars  has  grown  to  be 
habitual  and  familiar.    Of  Nova  Sagittarii  the  last  hod  onl\ 
been  heard,  when  Nova  Aquihe  was  announced  to  have  ap[teaied.' 
This  was  about  fifteen  months  after  date.    The  star  mode  iU  eUimi 
on  u  Draper  Memorial  chart-plate  21st  April  1899  as  an  o 
of  the  seventh  magnitude,  and  displayed  the  quality  of  it*  I 
in  u  spectrograph   taken   3rd  July.      It  was  characteristically 
that  of  a  Nova,  although  nebular  lines  had  begun  to  conn 
and    the    transformation     was    completed    in    the    course   of 
September.      During  a  year.  Nova  Aquihe  wore  the  aape< 
a  planetary  nebula,  sinking   gradually   from   the   tenth    to   ihr 
twelfth    magnitude.       It     was     last    observed    by    Professor* 
Campbell   and  Wright  with    the   Lick   thirty-six-inch  refractor 
and  a    60°  prism  spectroscope.     "The  visible  .-]»■<  trum,"  thr 
Conner  wrote,'- "  consisted  of  extremely  faint  continuous 
in   the  green,  und   of   three  bright   liands  in   the   positions  of 
the  three  principal  nebular  lines.     The  relative  intensities  of 
the  three  l>anda  agreed  approximately  with  the  corresponding 
intensities    in  the  well-known  nebular  spectra.      The  bead* 
were  not  monochromatic,  but  on  the  contrary  were  very  broad. 
perhaps   fully    iwire    as    hmad    as   the   bands    in    the    nebular 
spectrum  of  Nova  Auriga*  in  August   1892." 

It  may  Ik*  useful  to  tabulate  the  results,  in  the  discovery 

'  K.  C.  Plates*  <4*t*rh.  Jmm*.  rol  xii.  f*.  $2 ;  B*rmr4  OimUmr,  S* 
Sfl  ;   <4*r.  AW.  Noi.  3«M,  3«*4. 
•  AdrvpK.  /•urn.  rol.  iu.  p.  'i68. 
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of  new  stars,  of  the  photographic  surveys  execute*  ut  Harvard 
College  and  at  Arequipa,  its  southern  dependency. 

(L)  Nova  I'ersei.  Appeared  18S7;  ninth  magnitude; 
hydrogen  lines  and  X  40(10  hright.  Temporary  rharartev 
recognised  189 

(ii)  Nova  Norm;e.  spectrum  photographed  10th  July 
1893;  character  detected  26th  October  1893.  Seventh 
magnitude;  showed  twelve  hright  line*  coupled  with  more 
refrangible  dark  ones;  spectrum  nebular  13th  February  1894. 

(iii.)  Nova  Carina-.  Spectrum  photographed  21et  April 
1895;  examination  followed  in  OctoU-r.  Hydrogen  lint** 
bright  with  mnn*  refrangible  dark  companions.  Faded  from 
eighth  to  eleventh  magnitude  between  April  and  July. 

(iv.)  Nova  Centauri.  Spectrum  photographed  18th  .July 
1895;  irregularly  continuous;  resembled  that  of  ^0  Doradu*. 
Character  detects!  12th  December  189f>.  Maximum  magnitude 
72.     Situated  within  u  nebula. 

(v.)  Nova  Sagittuxii.  Photographed  8th  March  1898. 
when  of  47  magnitude ;  detected  March  1899.  Spectrum 
photographed  19th  and  21st  April  1898.  Hydrogen  lines 
bright;  no  darlt  companions;  X  4060  dark.  Spectrum 
nebular,  13th  March  1899. 

(vi.)  Nova  Aquilae.  Photographed  21st  April  1899,  when 
of  seventh  magnitude.  Bright-line  spectrum  photographed 
3rd  July  I.X99:  recognition  ensued  in  July  1900.  Spectrum 
nebular,  October  1898. 

In  the  course  of  seven  years,  then,  five  temporary  stars 
were  photographically  discovered,  and  it  is  safe  to  assert  that 
all  would  have  escaped  direct  visual  notice.  Apparitions  of 
the  kind  are,  we  hence  learn,  hardly  to  be  counted  as  excep- 
tional ;  their  occurrence  cannot  depend  upon  rare  contingencies, 
but  must  enter,  to  some  extent,  into  the  regular  economy 
of  nature.  The  conditions  precedent  are  doubtless  widely 
prevalent,  and  they  are  the  same  for  outbursts  of  all  mag- 
nitudes indifferently.  The  famous  Nova-  of  history — the 
stars  of  Hipparchus,  of  Tycho  Rrahe,  of  Kepler — were  due  to 
just  such  prepared  accidents  as  result,  more  frequently  and 
less  obtrusively,  in  the  apj>earance  of  an  extra  dark  dot  on  a 
chart-plate,  or  in  the  emergence,  on  a  prismatic  negative, 
of  a  "  peculiar  "  sjwetrum  among  a  crowd  of  normal  ones. 
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But  this  obecurc  kind  of  manifestation  was  far  transcended 
by  the  "  New  Star  of  the  New  Century  "  (to  quote  Hath 
•Sidgreaves's  designation  of  Nova  Pereei,  No.  2).  This  obji 
worthily  commemorated  the  turning  of  a  leaf  in  the  book 
ages.  The  sidereal  heavens  had  harboured  no  such  brilii. 
"  guest  "  since  Kepler's  star  shone  in  Ophiuchua  Dr.  Andei 
the  discoverer  of  Nova  Auriga?,  was  still  more  lucky  wi 
Nova  Persei,  for  he  caught  it  on  the  rise.  It  was,  howei 
already  nearly  the  equal  of  Algol  when  he  sighted  it  in  i 
early  morning  of  22nd  February  1901  i  while  twcnty-ri| 
hours  previously,  as  a  photograph  taken  by  Mr.  Stunh 
Williams  attested,  it  must  have  been  fainter  than  the  twelfth 
magnitude.  Confirmatory  evidence  was  derived  from  tl 
Harvard  College  series,  two  specimens  of  which  are  lepvedN 
in  Fig.  43  by  the  kind  permission  of  Professor  Pirkeriu, 
In  the  earlier  photograph,  taken  with  an  exposure  of  sixty- 
six  minutes  19th  February,  no  trace  of  anything  unusual  is  per- 
ceptible ;  in  the  second,  to  which,  seven  days  later,  a  shorter 
exposure  was  given,  the  Nova  is  of  dominating  importance 
It  continued  to  gain  light  rapidly  for  about  a  day  and 
half  after  its  detection  at  Edinburgh.  On  the  ever 
:23rd  February,  it  was  observed  through  drifting  « loud- 
Harvard  College  to  be  brighter  and  bluer  thau  Capella,1 
thirty  hours  it  had  increased  by  two  and  a  half  magnitudes 
during  that  one  night  it  took  rank  as  the  premier  star  of 
northern  hemisphere.  But  its  supremacy  was  quite  transirnl 
Increase  was  at  once  followed  by  decrease ;  there  can  hate 
been  no  appreciable  pause  at  maximum.  Already  on  24i 
February,  the  star  had  last  fully  one-third  of  its  lurM 
the  inevitable  downward  course  was  entered  upon, 
was  pursued,  although  with  singular  intermittenoea, 
the  mast  remarkable  characteristic  of  Nova  Persei  wa» 
spectral  variability.  It  showed,  to  begin  with,  a  spectrum 
of  the  ordinary  Orion  type — a  continuous  prismatic  «trvp. 
scarcely  encroached  upon  by  narrow  lines  of  hydrogen 
and  helium  absorption.  Some  of  these,  it  is  true,  proved 
on  close  examination  to  have  their  lower  wlges  ali^MW 
brightened,  but  there  was  no  other  sign  of  disturbance.  On 
the  following  night  it  was  noticed  that  the    K   of  ralriua. 

1   Harvard  CirruJar.  No*  5fl,  W. 


Fl<:    43.      ]  "I:    '    .: i  a;  ■■!■..  i,f  tb*  Mill*  t. <•'..!  tAkrn  ftt  IUni.nl  Colleg*  b»fora  Uld  tiler  Ihe 
uiitl.ir.l  i,1  Suva  I'-rx-i.     No  1.  lVtli  K-Lnmry  1W)1.     No.  3,  Mth  Kebnury  1V01. 
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previously  imperceptible,  etood  out  markedly  obscure,  ul 
which  an  extraordinary  change  took  place.  During  tl 
twenty-four  hours  that  followed  the  maximum  of  23rd  February. 
the  character  of  the  spectrum  was  completely  transit ,: 
Hydrogen  now  blazed  in  it;  and  the  range  of  broad  bi 
lines  representing  its  emissions  was  duplicated,  just  as 
Nova  Auriga?,  by  a  range  of  more  refrangible  &lmdow-bttml 
These  were  strongly  displaced  towards  the  violet,  and  their 
displacement  appears  to  have  increased  progressively  for  some 
days.  It  finally  corresponded,  if  interpreted  on  the  Doppfel 
principle,  to  an  approaching  velocity  of  about  1000  mile* 
a  second,  while  the  bright  lines,  so  far  as  their  distended 
condition  allowed  a  judgment  on  the  point  to  be  formed 
retained  pretty  nearly  their  usual  places.  The  1  > 
principle,  however,  had  plainly  a  very  restricted  application 
to  the  case  of  Nova  Persei.  Dr.  Vogel '  used  it.  with  NDoihnl 
judgment,  to  determine  the  star's  true  radial  mot  km  from 
measurements  of  tine  dark  reversals  of  II  and  K,  which  seemed 
entirely  exempt  from  alterations  of  a  physical  kind.  He 
found  it  to  be  about  twelve  miles  a  second  in  a  direction 
away  bom  the  sun.  He  was  less  successful  in  his  endear  i 
to  explain  the  conspicuous  shifting  of  the  dark  )>>< 
lines  on  the  pressure -theory  as  adapted  by  Wilsing.  Vc 
pressure  does  indeed  alter  the  refraugibility  of  the  n< 
emitted  by  vaporous  strata  submitted  to  it,  but  the  aJteratM 
is  always  in  the  same  sense.  The  refrangibility  of  lig] 
diminished  by  condensation;  the  resulting  spectral  displace- 
ments are  towards  the  red.  Nevertheless,  those  of  to* 
absorption  lines  in  Nova  Pereei  were  towards  the  blue.  Nor 
was  the  masking  arrangement  devised  for  the  purpose  of 
smoothing  away  this  fundamental  contradiction,  one  that 
would  work.  The  star  itself,  through  the  gradual  unf<>!< 
of  its  peculiarities,  emphatically  disavowed  it.  A  Stonybvnt 
spectrograph  of  7th  March  showed  the  dark  hydrogen  lit*-* 
well  separated  from  the  bright ; s  they  were  unniaaked,  yet 
none  the  less  shifted.  Their  altered  positions  were  thus  Men 
to  be  those  of  the  rays  in  their  entirety,  and  not  merely  i*f 
outlying   wings    left    visible,   while   their    central    j*rta 

1  Sitz*>wbcnckUt  Berlin,  21  Man  1901. 
*  Rct.  W.  Stymm,  Ofoert-olvry,  vol.  >xi».  |».  Itt. 
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com     il<  1       Sul»*'i|iirntlv  to  7th  .\l;i!-ii  blMBllfBfts  thiniu-d  i.li', 
and  in  about  a  fortnight  disappeared   finally.     The  spectrum 
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distinctive  chiaroscuro  effect   was  gone;  the  bright  liues   no 
longer  rust  shut  lows. 

Sections  of  the  light-curve  of  Nova  Persei  are  delineated 
in  Kijpt  44  and  45.     They  seem   to  tell  of  a  long  succession 
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of  efitotl   towards  recovery,   constantly   defeated    by    the    m 
vincible  advance  of  exhaustion.     These  variations  in  magni- 
tude were   associated  with    remarkable  spectral  modifica: 
The   light  of  this  wonderful  object  was,  from   the  first,  ol 
tremely  unstable  quality.    The  emitting  and  absorbing  vaporous 
layers  were   evidently   in    a  state   of  continual    flux.      Xheu 
turmoil  was  betrayed  by  changes  of  intensity,  width,  and  wave- 
length in   both  dark  and  bright  lines,  most  of  them   taking 
place  unconnectedly,  so  to  speak,  and  capriciously.     By  degrees, 
however,  their  confusion  reduced  itarlf  to  some  kind  of  partial 
order.     During  the  month  of  March,  Nova  Peraei  assumed  the 
character  of  a   variable   fluctuating  extensively  in  a  period  of 
three  days,  and  the  spectrum  was  found  to  vary  quite  decidtdl) 
in    L'orres|H)iideme    with     the    light.      The   phenomena  of    it* 
alternations  are  illustrated  in  the  subjoined  reproductions  of 
photographs  taken  by  Father  Sidgreaves  (see  Plat*?  XVI.  Fig.  5). 
The  second   and  fourth  are  distinctive  of  minimum  epO 
the  first  and  third  characterise  much   higher  grades  of  bright- 
ness.     Among  the  features  of  the  minimum  spectrum  are  the 
fading  of  the  continuous  radiance,  the  displacement   upward  of 
the  first  ultru-violet  member  of  the  hydrogen  series  (']If).  and 
the  development  of  a  blue  band  at  X  463.     The  two  typee  of 
spectrum  continued   to  succeed   each  other  with  approximate 
regularity  from  19th  Mnrch  to  3rd  May.     Numerous  anomalies, 
Indeed    presented  themselves.     They  were  described  in  detail 
by  l'.itht.-rs  Sidgreaves1   and  Cortie,*   by  Lockyer,  Pickering1 
and     Hale,4    but    no   clue   to   their    physical     interpretation 
has  been  found.      Only  those  affecting  one  narrow  region  of 
the  spectrum  can  here  be  further  adverted  to.     The  appear- 
ance  of  the   D-lines  in   Nova   Persei    was  most  remarl 
Spot *ia!  attention  was  paid  to  them  at  the  Yerkes  Observatory, 
and  they  are  delineated  in  Plate  XVI.  Fig.  3,  from  a  photograph 
taken  on  an  "Erythro"  plate  with  the  forty-inch  refract 
that  establishment.    The  relations  of  (lie  various  lines  sho\ 
it  need  some  brief  explanation.      The  broad  bright  lauid  is  doe 
to  the  radiation  of  solium  ;  the  6ne  durk  lines  projected  upon 
it  tit  obvious  reversals  by  a  cooler  and  rarer  overlying  stratum 

1   Monthly  Xoti<*s,  vol*.  \xl  pa,  38S,  4«2;  Ixii.  fc.  Ml. 
■  /W.  vol.  Iri.  p.  484.  *  /Atrtrin/  Cirrul«r,  N«- 

■  rerlr*  fHmrnton,  BuiUu>.  Nut.  1A.  17 
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of  the  some  metallic  vuponr.  These  thread*  of  abeorptk' 
slightly  displaced  towards  the  red;  they  indicate  about  i  h* 
same  rate  of  recession  from  the  earth  that  was  derived  by 
Vogel  from  the  sin i lir  reversal*  of  11  and  K.  The  ftu-t,  then, 
admits  of  no  doubt  that  the  kindled  mass  wan  travelling 
away  from  us  with  a  small  velocity.1  This  NBttttttd  con- 
stant— so  far  as  oat  information  goes — from  tirst  to  lust  , 
but  the  position  of  bright  1>  underwent  a  marked  alteration. 
The  broad  bright  band,  traversed  almost  centrally  in  the  early 
days  of  March  by  hair- like  reversals,  shifted  in  the  course 
of  a  month  so  notably  towards  the  blue  that  Ikt  fiducial 
lines  (as  they  might  !*•  called)  lay  in  April  close  to  its  less 
refrangible  edge;  while  the  absorption  liuu  concealing  1^  hail 
meantime  become  ditruw.nl  towards  the  violet  We  have  no 
inkling  of  a  possible  cause  for  these  changes.  They  were 
steadily  progressive,  and  so  disclaimed  ftaj  immediate  con- 
nection with  the  jieriodieul  variation*  of  the  Hf  line 
According  to  Father  SidgreaveVs  view,  indeed,  these-  last 
originated  from  no  change  of  refmngihility,  but  from  the 
brightening  of  a  cyanogen  band  situated  just  above  the 
hydrogen  line  it  illusorily  modified.  The  sodium  band, 
however,  actually  moved  upward ;  the  emitting  molecules 
<|ui<  keued  their  vibrations  through  some  unknown  kind  of 
influence.  Only  the  less  refrangible  members  of  the  heliuiu- 
sevies  glowed  in  this  marvellous  spectrum.  None  higher 
up  than  the  blue  "Orion"  line  at  \  4472  could  be  seen; 
while  tin*  blood- red  X  6678.  and  I)  (when  sodium -absorp- 
tion thinned  ofT)  shone  intensely. 

The  colour  of  Nova  Persei  changed  from  white  to  red  a 
few  days  after  its  maximum  on  23rd  February,  and  red  it 
remained  for  some  months.  The  tinge,  indeed,  lightened  to 
•  bar  orange  in  its  spasms  of  recovery,  but  deepened  to  a 
purplish  glow  at  each  subsequent  decline.  It  failed  com- 
pletely in  July  l4.»0  1 .  when  the  spectrum  of  the  Nova  resembled 
that  of  .i  planetary  nebula.-  I'late  XVIII.  Fig.  2  illustrates, 
from  the  Lick  observations,  the  predominance  in  it,  on  11th 
August,   of    the    leading    nebulium -radiation.       This   was    in 

k  Thi-  »;»-  xvurcil  by  Cam|»t*cH'it  determinations  {LUk  Butlttin,  No.  8). 
-  Lirk  I'.iill'ti*.  Nil  3  i  Si.lnrenvc*.  Aatr,  N»<h.   So.  3741  ;  Von  Cothanl, 
ibiii.  No.  :*7»s. 
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■rn.rdance  with  precedent;   but  the  wildest  flight-  «»i 
tion  were  outrun  liy  what  ensued. 

On  22nd  and  23rd  August  1901,  Professor  Max   Wolf 
took  long-ex poswv  photographs  of  the  Nova  with  the  sixteen- 
inch  Bruce  objectives  lately  mounted  as  a  twin-telescope  at 
Konigstuhl.      Roth  plates  showed    the  presence  of  detached 
nebulous  masses  to  the  south-east  of  the  star;1    and 
proved  to  be  only  the  brightest  parts  of  a  vast  spiral  formation 
photographed  by  Mr.  Ritchey  at  the  Yerkes  Obeervutoi 
20th  September,  under  the  form  represented  in   Plat*-  Will. 
Fig.   1.*     Its  intimate  structural   relationship  to  the  sUr  &| 
jiatent;   but  there  was  more   to  come.      Renewed  impression.- 
obtained  7th  ami  1  3th  November  with  the  same  instrument — 
a  tweuty-four-inch  reflector  of  his  own  construction — sin 
Mr.  Ritchey  that  the  nebula  was  expanding  with  portentou* 
speed;8  and  an  identical  discovery  was  made  by  Mr.  Perrin** 
from  a  comparison  of  the  Yerkes  photograph  of  20th  Septemlwi 
with  a  Crossley  picture   secured   by  a  duplicated  exposure  7  th 
and  8  th  November.4     The  movements  indicated  were  at 
rate  of  about  one  minute  of  arc  in  five  weeks ;  and  they  were 
maintained  until  the  dimly  shining  spires  affected  by  iht-m 
faded  into  chemical  invisibility.      Moreover,  the  spinning  of 
the  nebulous  web  was  found  to  have  been  an  initial  accompani- 
ment of   the  stellar   outburst.     Two  close  coils  of  it   were 
discerned   by  Mr.    Perrinc   on   scrutiny  of  a    negative   exposed 
for  ton  minutes  29th   March    1901.*     And  sfaee   \h-y  \ 
closer  in  the  ratio  of   their   expansion   betwee  :uber 

November,  it  became  evident  that  the  process  had 
uut-hecked  during  seven  or  eight  months  ;  while  the  tr. 
of  it  backward  showed  it  to  have  actually  commenced  almost 
-imult  tin 'ously  with  the  kindling  of  the  conflagration.  That 
is  to  say,  the  rate  of  flow  of  the  nebulous  streams  indicated 
their  issue  from  the  Nova  about  17th  February,  or  five  «lay» 
previously  to  til  noble  manifestation. 

Speculation  regarding  this  unique  phenomenon  lias  naturally 
Urn  active  ;   and  an  explanatory   hypothesis  of  considerably 


1  Adr.  Sack.  Nob.  9762,  9769. 

•  Attnifih,  Jtmrn.  ro\.  lit.  ]t.   187. 

*  Ibid.  V.  VflS. 


*  LwJrButUMn,  No.  10. 
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plausibility  was  hit  off  independently  l»y  Professor  Kupteyu  ' 
aud  Mr.  W.  E.  Wilson.*  It  attirrus  the  nebula  to  have  twcu 
pre-existent,  and  to  remain  unchanged.  Hut  since  we  see  it 
by  the  reflected  light  of  the  Nova,  its  various  spires  and 
condensations  have  come  successively  into  view  as  the  flare 
of  the  explosion  travelled  outward  in  widening  circles.  Hence 
an  illusory  effect  of  radial  expansion  was  produced,  while,  in 
point  of  fact,  the  temporarily  illuminated  commie  t<>M-  \wr« 
as  iuiniovable  as  aligned  snow-peaks,  in  turn  set  aglow  by 
the  rising  sun.  The  parallax  corresponding  to  this  rationale 
is  0  0 1 1  ;  it  implies  that  the  Nova  actually  biased  in  the 
third  year  of  James  I.  (1605),  and  rose  to  a  culminating 
splendour  eight  thousand  times  that  of  our  sun.  In  this,  at 
least,  there  is  no  improbability.  The  star  is  devoid  of  sensible 
parallax  or  proper  motion;  and  its  distance  from  the  earth 
cannot,  accordingly,  be  expressed  in  "numbers  that  have 
name." 

A  strictly  temporary  character  may  safely  be  ascribed  to 
its  nebulous  appurtenances ;  they  were  either  evolved  from  its 
mass,  or  rendered  luminous  through  its  influence.  Professor 
Max  Wolf  suggested  the  propagation  of  electric  waves  of  the 
Hertzian  type  as  the  cause  of  the  far-spreading  excitement 
attested  by  the  gleaming  annuli.  Professor  Very8  inclined 
to  regard  them  as  constituted  by  material  corpuscles,  such  as 
give  rise  to  cathode-rays,  ejected  from  the  star  under  the 
stress  of  light- pressure  or  electrical  repulsion.  There  was, 
however,  as  Mr.  Louis  Bell  *  remarked,  no  evidence  of  accelera- 
tion, consequently  none  of  the  continued  action  of  a  repulsive 
tone ;  while  the  supposition  that  the  nebula  round  Nova 
lVrsci  hud  been  photographed  by  reflected  light  was,  in  his 
opinion,  discredited  by  the  absence  of  polarisation-effects,  as 
well  as  by  the  long  persistence  of  strongly  nebulous  patches 
close  to  the  star,  which,  unless  they  had  been  self-luminous, 
should  have  vanished  with  its  fading.  Their  light,  accordingly, 
is  surmised  by  Mr.  Bell  to  have  been  of  an  auroral  nature. 
It  de\clo|H(l  as  a  secondary  consequence  of  electro-magnetic 
strains,  propagated  through  space  with  the  velocity  of  light, 
from  ii  sun-like  centre  of  disturbance. 

1    A*lt  Sack.   Nil.  37M.  a   Xaturr,  30th  Jan.  l&0-\ 

.1*fr.  .WicA.  Ni'.  tt?7li  *  Jstropti.  Journ.  vol.  xvi.  p.  3S. 
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What  iMiiiMii.  be  gainsaid  is  Lhat  the  apparition,  with  iu- 
strange  attendant.  circumstances,  ranks  as  the  most  interesting 
on  record.  Even  the  classic  Nova  Aurigae  was  far  outdone 
by  the  surprising  diversity  of  the  phases,  both  spectral  and 
luminous,  exhibited  by  its  brilliant  successor.  Their  study 
afforded  much  new  knowledge,  and  opened  wide  tnict-s  for 
future  experiment  and  research.  A  critical  point  of  differ- 
ence between  the  observations  made  on  the  two  occasion? 
was  the  timeliness  of  those  on  the  latter  star.  They 
were  in  full  swing  while  it  was  still  mounting  towards  the 
summit  of  its  splendour.  As  a  consequence,  the  order  of 
its  spectral  phenomena  was  clearly  ascertained  and  pnffld 
wholly  unexpected.  At  the  outset,  the  light  was  of  ordinary 
quality ;  waning  had  already  set  in  before  the  displacement* 
and  distension  of  its  linear  ingredients  announced  the 
prevalence  of  disturbance.  This  fact  is  full  of  meaning  ,  l«t 
us  weigh  it  well.  We  learn  from  it  that  the  sudden  develop- 
ment of  luminous  energy  was  essentially  of  photospheric  origin 
Gaseous  eruptions  and  explosions  followed,  and  produced  the 
duplicated  spectrum  characteristic  of  temporary  stars.  But 
they  were  merely  incidental  to  the  primary  event,  whui. 
occurred  independently  of  them.  This  disclosure  narrows  the 
held  of  speculation  as  to  the  nature  of  thai  primary  event. 
and  is  so  far  enlightening.  Further,  we  now  know  thut  the 
symptoms  associated  with  prodigious  radial  velocities  were 
not  inherent,  but  consequential  The  obscure  body  abruptly 
kindled  to  vivid  incandescence  gave  no  evidence  of  rapid 
motion  ;    it  seemed  a  leisurely  Traveller  through  space. 

We  may  now  attempt  to  arrange  and  generalise  the  item* 
of  information  lately  gained  about  Nova:.  Three  hare 
appeared  in  nebula1  or  clusters — Nova  Scorpii  in  1860,  Nova 
Andromeda*  in  1885,  and  Nova  Centauri  in  1895.  Set 
apart  by  their  nature  no  less  than  by  their  situation,  they 
were  evidently  transient  adjuncts  to  the  formations  in  which 
they  were   immersed,  and  probably  imitated    their  luminous 

iliarittea.     Our    knowledge  of    them,  however,  is   partial 
uud   unsatisfactory.      Passing  on  to  "  blaze  stars "  proper 
note  the  following  circumstances  as  common  u>  the  class. 

I.  They  have  their  habitat  in  the  Milky  Way  Nova 
(Sorouae  alone  had  any  OQDflideimble  pilactu   latitude 
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2.  None  have  any  rentable  parallax  or  proper  motion. 
They  must  then  be  vastly  remote. 

3.  They  rise  from  and  relapse  into  approximate  ol«curitjr. 
The  one  known  star  distinguished  by  a  temporary  flare  was 
Nova  Corona.  Several,  nevertheless,  continue  perceptible  in 
their  effete  state. 

4.  The  bright  lines  of  Nova-  are  coupled  with  dark  lines 
of  shorter  wave  -  length*.  Thi«  mode  of  juxtaposition  is 
invariable. 

5.  The  spectrii  of  Nova-    resemble,  in    thoir  early  stage*, 
that  of   the    solar    chromosphere,  later  that  of  nebula1,  the 
emissions  of  hydrogen  and  helium  ultimately  yielding  their 
predominance   to  tin-    gn«n    rays    of   nebulium.     The    Wolf 
Rayet  blue  bands  generally  make  an  intermediate  appearonri- 

Now  what  may  w«-  le^itimal-'l y  < <  u<  \\n\v.  Imm  these  varied 
phenomena  ?  Very  little,  unfortunately,  of  a  positive  nature  ; 
we  must  be  content,  in  the  main,  with  negative  inference*. 
Yet  it  is  no  small  advantage  to  clear  the  way*  of  thought  by 
abolishing    untenable    hypotheses.      It    may    tl><  ty    In- 

stated that  the  remarkable  spectral  Khiftiugs  m  temporary 
stars  are  not  effect*  of  translatory  motion  ;  they  supply  no 
argument  for  the  duplicity  of  the  light-source.  Neither  do 
they  originate  through  pressure,  which  tends  to  damp  down 
vibrations,  not  to  accelerate  them;  and  it  is  chiefly  a  shorten- 
ing uf  wave-lengths  that  has  to  be  explained.  Staggered  by 
this  difficulty,  Dr.  Wilsing  suggested  l  the  alternative  view 
that  Nova-  are  not  incandescent,  but  "luminescent"  bodies. 
The  distinction,  first  made  by  E.  Wiedemann,8  is  valid  and 
valuable,  although  next  to  nothing  is  known  about  the  essential 
conditions  upon  which  it  rests.  All  that  can  be  said  is  that 
they  involve  the  production  of  light  to  a  great  extent  without 
heat.  Hut  the  sup]>osition  that  they  are  found  in  temporary 
stars  is  an  extremely  hazardous  one.  It  is  countenanced  only 
by  the  one  fact  that  emissions  due  to  luminescence  are,  or 
may  lie,  accompanied  by  corresponding  absorptions  of  greater 
refrangihility,  and  so  present  a  colourable  imitation  of  the  per- 
plexing chiaroscuro  spectrum  displayed  during  stellar  outbursts. 

I  hi  the  whole,  the  most  promising  theory  of  their  occurrence 

1   Attr.  S<uh.  No.  3S0;J. 
■'  I'ttilfljnhrsxjirift  Attr.  'Jt$.  Jakrg.  xxxi.  p.  258. 
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mucli  fresh  knowledge  has  been 
Even  M.  Seeligers  iogi  -unity  did 
it  successful  issue.      He  demanded 


ib  that  stare  in  the  Milky  Way  occasionally 
in  the  diffused  nebulosities  with  whicli  that  region  abounds, 
uud  blaze  through  the  resistant;.-  ollered  to  their  motion,  just 
as  meteors  kindle  to  brief  splendour  in  shooting  athwart  our 
cloud  of  "  circumfluous  air."  We  must,  it  is  true,  be  content 
!"- »r  the  present  to  accept  it  in  principle;  attempts  to  elaborate 
it  in  detail  can  only,  until  much  fresh  knowledge  has  been 
acquired,  result  in  failure, 
not  avail  to  conduct  him  to 
too  much  from  the  etar-aud-nebula  hypothesis — deniunded, 
indeed,  more  than  the  conditions  (as  we  now  know)  actually 
required;  and  it  hence  incurred  unmerited  discredit.  Admitted 
provisionally,  it  will  perhaps  serve  as  a  guide  to  ultimate 
truth.  An  important  discussion  of  the  possibilities  connected 
with  it,  and  of  the  manner  in  which  they  might  serve  tin* 
purposes  of  spectroscopic  interpretation,  was  published  I  . 
Mr.  J.  Halm  of  the  Edinburgh  Observatory  in  July  1901.' 
Proceeding  from  the  hypothesis  that  a  Xuva  becomes  visiblr 
when  "  a  dark  body  impinges  upon,  and  penetrates  into  a  ma* 
of  nebular  material,"  he  constructed  a  vorticose  system  of 
radiating  and  absorbing  gases  travelling  with  the  groat 
intruded  globe,  and  skilfully  adapted  in  all  its  parts  to  give 
rise  to  the  observed  phenomena.  His  arguments  axe  not. 
scarcely  indeed  could  lie.  in  all  respects  convincing  ;  >tt 
form  a  contribution  of  stimulating  quality  to  the  general 
doctrine  of  temporary  stars.  Tins  has  wide  I  tearing*.  It 
■llOlftld  include,  not  only  a  rationale  of  the  actual  conflagra- 
tions, but  also  some  detinite  and  consistent  view  as  tn  thr 
previous  state  and  history  of  the  bodies  subjected  to  them. 
They  are  glibly  designated  "  dark  stars,"  but  embai 
supervene  when  wo  attempt  to  give  precision  to  our  com 
■  it    what   constitutes   a    "dark   -  We   will,    neverthelcw. 

y  the  task  in  the  next  chapter. 


'  Artr.  XacA.  No*.  3116,  3187,  ISM 
•  Saiurt,  tol.  IxW.  \\.  253. 


CHAPTER   XXV. 

DARK    8TAB8. 

Dark  stars  are  of  sun-like  cbWriaions,  but  of  plant*Utry 
obscurity.  They  constitute  a  realm  scarcely  penetrable  by 
direct  investigation,  and  therefor**  eminently  inviting  U> 
speculative  thought.  They  are  indefinitely  numerous;  they 
may  be,  in  many  cases,  enormously  massive  aud  bulky ;  they 
are  probably  endowed,  in  general,  with  very  high  velocities; 
some  are  perhaps  among  our  i-eareet  neighbours  in  apac**. 
They  exist  both  in  a  solitary  and  in  uo  asvociated  condition. 
The  dynamical  relations  of  unattached  dark  Mais,  although  ol 
the  deepest  interest,  from  their  bearing  upou  laigo  ^ucntiuus  ui 
Bidereal  construction,  are  unknown,  and  seem  likely  long  to 
remain  so;  but  in  mixed  systems  of  shining  and  obscure 
Inwlies  they  ure  readily  open  to  investigation.  Such  systems 
occur  quite  freely,  as  we  learn  from  observations  of  three 
distinct  kinds.  Their  unseen  members  variously  betray  their 
presence :  (i.)  by  perturbing  the  orbital  movements  of  visually 
double  stars;  (ii.)  by  occasioning  periodic  changes  of  velocity  in 
visually  single  stars;  (iii.)  by  occulting  their  bright  primaries, 
and  so  causing  them  to  be  affected  with  a  special  type  of 
variability.  In  the  first  case,  the  effects  can  be  discerned 
UdeHCopically,  in  the  second  they  come  out  spectrographically, 
in  the  third  they  are  both  photometric  and  spectre-graphic. 
Solitary  dark  glolres,  on  the  other  hand,  are  brought  within 
our  ken  in  only  one  fashion.  Given  a  certain  combination  of 
circumstances  of  a  barely  conjecturable  nature,  they  leap  into 
light  as  Nova*,  and  in  this  capacity  attain  various  degrees  of 
notoriety. 

The  existence  of  an  "  invisible  "  department  in  astronomy 
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was  divined  by  Laplace;  it  was  demonstrated  by 
through  his  discovery,  with  the  mind's  eye,  of  As 
oliscure  satellites  of  Siriu«  and  1'rocyon.  Its  imiHirtauce  can- 
not well  be  exaggerated  Unseen  bodies  may,  for  aught 
we  can  tell,  predominate  in  mass  over  the  sum-total  of  those 
that  shine ;  they  supply  possibly  the  chief  part  of  the  motive 
power  of  the  universe.  They  appear,  at  any  rate,  to  be 
profusely  distributed  throughout  its  compass.  One  star  in 
six,  by  a  fair  estimate,  is  a  spectroscopic  binary :  and  spectro- 
scopic binaries  commonly  disclose  their  nature,  not  by  the 
doubling,  but  by  the  shifting  of  their  spectral  lines.  T) 
as  much  as  to  say  that  one  of  the  revolving  masses  radiates 
imperfectly  or  not  at  all.  Again,  temporary  stars  presumably 
rise  from  crowded  ranks.  For  every  oue  that  blazes  into  view, 
multitudes  must  remain  undistinguished.  Ttie  raw  material 
of  such  outbursts  is  doubtless  lavishly  provided,  while  tin- 
accidents  actually  occasioning  them  must  be  l-\w  Si 
apparitions  thus  derive  extraordinary  importance  from  th-tr 
implication  of  an  unfathomable  background  stored  with  effete 
or  undeveloped  suns,  the  presence  «if  which  evades  immediate 
cognisance. 

"  Dark  stars "  need  not  be  absolutely  obscure.  Same, 
at  any  rate,  may  be  feebly  luminous,  though  |*>werfully 
attractive,  like  the  companions  of  the  Dog  star*  These, 
if  situated  much  nearer  to  their  primaries,  would  escape 
telescopic  recognition,  and  could  challenge  spectrograph  u 
notice  only  indirectly,  through  the  motion-displacements  due  to 
their  influence  on  the  brilliant  spectra  superposed  upon,  and 
effacing  their  own.  I  n  other  cases,  stars  are  swayed  from  their 
computed  paths  by  the  power  of  entirely  rayless  satellites.  The 
fourth  member  of  the  system  of  f  Caucri,  and  the  hypothetical 
third  component  of  70  Ophiuchi  appear  to  be  dark  in  the 
strictest  sense.  Most  probably  an  indefinite  number  of 
gradations  connect  the  planetary  and  sun-like  states.  That 
in  some  Algol  pairs  the  occulting  body  is  to  our  appreciation 
obscure;  in  others  it  gives  some,  though  very  liitle  light; 
wUIe  in  a  third  variety  the  companions  stand  on  the  nmr 
level  of  lustre.  Algol  itself,  U  Cephci,  and  V  Cygni  specifi- 
cally exemplify  these  differences.  They  manifest  themselves 
as  well  in  non-eclipsing  spectroscopic   binaries.     A  minority, 
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headed  by  0  Auriga*,  consist  of  globes  tally  luminous  ;  a  few, 
such  as  a  Virginia  mid  o  Leon  is,  show  traces  of  a  second 
spectrum;  but  moot  arc  real  crypto-doubles,  only  one  mender 
of  which  emits  any  perceptible  light.  With  these  the 
heavens  may  be  said  to  swarm. 

A  number  of  iuterHRtiug  questions  are  suggested  by  tin- 
vast  numbers  and  singular  relationships  of  dark  stars.  What 
is  their  history  ?  What  their  destiny  7  What  their  function 
in  the  universal  scheme  of  tilings  ?  The  view  commonly  taken 
of  them  is  that  they  are  antiquated  suns — suns  in  a  state  of 
senile  decay— bud-  that,  having  used  up  their  radiative 
vitality,  are  relegated  to  a  lower  cosmic  plane.  Such  there 
must  be,  unless  regenerative  machinery  t>e  at  work  to  faipply, 
in  some  unimagined  way,  the  perennial  waste  patent  to  our 
senses.  Suns  wear  out,  yet  do  not  incur  aunihil  ition.  They 
must  survive  their  faculty  of  shining.  Immense,  hut  strictly 
limited  reservoirs  of  energy,  they  are  constructed,  not  for  ite 
economical  storage?,  but  for  its  rapid  expenditure.  Ita  ex- 
haustion, which,  to  our  apprehension,  is  simply  a  question  of 
time,  will  leave  them  gigantic  eartliN,  solid,  inert  globes,  with 
only  their  gravitative  force  unimpaired.  That  quondam-suns 
of  this  description  pursue  their  unnoticed  journeys  through 
space,  cannot  reasonably  be  denied ;  they  undoubtedly  swell 
the  hosts  of  dark  stars ;  yet  there  are  indications  that  these 
are  not  mainly  of  the  effete  quality — that  they  do  not  merely 
represent  the  caput  mortuum  resulting  from  one  inexorable 
evolutionary  process. 

The  frequent  association  of  obscure  with  brilliantly 
luminous  stars  is  very  remarkable.  Algol  and  its  companion 
make  a  typical  instance.  They  are  assuredly  of  contempor- 
aneous, and,  judging  by  the  usual  criteria,  of  comparatively 
recent  origin.  The  closeness  of  the  system  formed  by  them 
denotes,  on  the  theory  of  tidal  evolution,  that  it  has,  during 
no  very  long  time,  been  subject  to  such  modifying  influence ; 
and  Algol  itself  bears  all  the  marks  of  stellar  juvenility. 
Another  specially  instructive  example  among  non-eclipsing 
binaries  is  afforded  by  Castor.  Here  a  great  Sirian  sun  has 
an  obscure  and  a  brilliant  attendant  circulating  respectively  in 
less  than  three  days  and  in  several  hundred  years.  Now  the 
remote  component  must  have  separated  from  the  parent  sphere 
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long  before  the  close  satellite  came  into  being ;  yet  it  is  at  the 
acme  of  vitality,  while  that  of  the  junior  star  is,  so  far  a* 
radiative  symptoms  can  tell,  already  spent.  Nor  is  there  any 
warrant  for  assuming  that  they  differ  considerably  in  mass. 
Indeed,  whatever  disparity  there  may  be  is  just  as  likely  as 
not  to  be  in  the  wrong  direction,  A  doubt  thus  arises  whether 
the  shining  of  suns  depends  solely  upon  temperature ;  for 
gradations  of  cooling  cannot  possibly  account  for  the  al : 
contrasts  of  luminosity  met  with  in  mutually  revolving  globe*. 
Irresistibly  the  hypothesis  presents  itself  that,  among  the 
varieties  of  the  cosmos,  there  may  be  a  multitude  of  bodies 
conditioned  in  most  respects  like  suns,  but  which  have  never 
attained  to  the  j»ossession  of  a  photosphere,  and  have 
consequently  remained  imperfect  radiators.  The  formation  of 
the  dazzling  cloud-shell  by  which  suns  are  visibly  bounded,  is 
a  baflling  enigma.  It  must  involve  on  intricate  combination 
of  circumstances,  not  always  perhaps  realised  Should  any 
them  fail,  a  "  dark  Btar  "  would  restdt — a  Ixxly  intensely  h< 
yet  destitute  of  the  apparatus  requisite  for  the  effective 
of  light  and  heat. 

Wo  can  now  sec  that  the  obscurity  of  temporary 
previous  to  their  sudden  illumination  does  not 
imply  that  they  were  effete.  Their  galactic  preference  also 
argues  the  contrary.  The  Milky  Way  ia  apparently  a  region 
where  development  has  not  gone  far.  Things  are  there  more 
nearly  in  their  primitive  state  than  elsewhere  in  the  sidereal 
world.  Growing  and  flourishing  suns  seem  to  congregate  ia 
that  vast  gathering-ground,  rather  than  those  that  have  seen 
better  days.  Hence,  if  stellar  apparitions  signified  the  re- 
kindling of  stars  sunk  to  extinction  through  age,  the  Milk} 
Way  is  precisely  the  part  of  the  heavens  in  which  we  should 
least  look  for  their  occurrence.  That  they  frequent  it  almost 
exclusively,  helps  to  convince  us  that  their  antecedent  ^"»w 
was  not  due  to  decrepitude  This  inference  is  aonfinneri  by 
the  character  of  their  spectra.  The  light  suddenly  acquired 
has  the  quality  considered  to  mark  an  early  stage  of  sidereal 
development  The  blaze  of  a  helium  star  can  with  difficulty 
be  supposed  to  proceed  from  a  highly-condensed  or  semi- 
solidified  body. 

Dark   stars   must   then,  on  this  showing,  be  divided  into 
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two  classes,  the  first  consisting  of  suns  on  the  retired  list,  the 
second,  of  those  incnpur.itnted  by  nature  for  active  nervier.  Their 
discrimination  in  practice  can  scarcely  be  effected,  with  our 
present  resources,  otherwise  than  tentatively  or  by  conjecture. 
Still  it  may  not  be  in  all  cases  hopeless.  To  take  one 
instance.  The  system  of  61  Cygni  is  held  by  Wilsing  of 
Potsdam  to  include  one  or  more  unseen  meinU'rx.  If  su,  their 
place — since  the  associated  group  bears  many  marks  of 
antiquity — should  be  found  among  lapsed  suns.  And  this 
suggests  the  further  thought  that,  in  a  few  more  ages,  the 
entire  family  may  have  ceased  from  radiation,  and  will 
continue,  in  the  rnyles*  void,  u>  fulfil  their  mutual  rounds  and 
pursue  their  way  toward*-  an  unknown  goal  That  many  such 
blind  systems  exiia.  imure-vihly  to  observation,  is  a  coujectiin- 
which  can  neither  be  verified  nor  refuted. 
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The  variability  of  stars  is  a  "wood  of  error." 
seems  no  exit  from  it ;  the  tracks  that  invite  our  ideas 
enter  upon  them  turn  out  circuitous  and  misleading.  \ 
exploration  need  not  therefore  be  abandoned  as  hopeless ;  and 
indeed  lines  of  approach  are  converging  upon  it  from  many 
directions  in  a  manner  that  promises  well  for  the  future 
elucidation  of  much  that  is  still  mysterious.  In  the  mean- 
time, wo  can  at  least  attempt  to  arrange  the  known  facts  in 
some  kind  of  definite  order. 

Stellar  light-change  is  of  two  fundamentally  separate 
descriptions.  The  first  may  be  termed  "  extrinsic,"  because  it 
obviously  depends  upon  circumstances  not  inherent  in  the 
bodies  it  affecta;  the  second,  "intrinsic,"  as  resulting  front 
constitutional  peculiarities.  They  are  readily  distinguishable 
by  the  nature  of  their  time-relations.  Punctuality  marks  the 
former  kind,  a  large  measure  of  irregularity  the  latter.  The 
difference  Ijecomea  intelligible  if  we  admit,  as  we  reasonably 
may,  that  short-period  or  extrinsic  variability  belongs  ex- 
clusively to  compound  objects,  long-period  variability  to  solitary 
masses.  In  no  case — except  where  darkening  by  eclipse  un- 
mistakably occurs — can  we  define  the  kind  of  action  to  which 
the  observed  vicissitudes  are  due ;  but  the  power  lately  acquired 
of  discerning  between  the  "  forced "  periods  prescribed  by 
orbital  relation?  and  the  "  free  "  periods  determined  by  fluctuat- 
ing interior  conditions,  marks  an  important  step  in  ad 
The  circumstance,  although  unaccountable,  should  not  be 
sight  of  that  eclipsing  and  non-eclipsing  variables  diverge 
somewhat  emphatically  in  the  character  of  their  spectra.    Those 
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of  Algol-star*  belong  to  the  first  type,  often  to  tin*  helium 
division  of  it;  those  of  Cephoid  stum  are  mostly  solar;  and 
although  enlarged  experience  inaj  tend  to  invalidate  these 
generalisations,  it  may,  ou  the  other  hand,  wrv*-  lo  rvafhrm 
them.  The  Hjiectrographic  study  of  globular  clusters — a  task 
for  the  immediate  future— should  help  greatly  to  widen  the 
bases  of  knowledge  regarding  this  curious  relation ;  and  the 
diligent  collection  of  illustrative  instances,  by  limiting  the 
extent  of  its  prevalence,  may  throw  some  light  upon  its  cause. 

The  seen  :  of  short-period  variability  ofTen*  few  points  open 
to  attack ;  but  an  attempt  might  be  made  to  penetrate  MM 
of  its  outworks  by  comparing  the  systemic  conditions  of 
steadily  lustrous  close  binaries  with  those  of  pair*  BnOtMltil  | 
in  magnitude.  Stain  of  the  same  spectral  class  should,  for 
the  avoidance  of  complications,  be  cbontsn  for  confrontation. 
Polaris,  for  instance,  6  Ursa;  Majoris,  \  Andromeda-,  are  solar 
orbs  revolving  swiftly  round  invisible  companions.  In  what 
respects,  it  will  be  of  interest  to  ascertain,  do  their  orbits  diiii- 
from  those  or  the  variables  £  Cephei,  ij  Aquilse,  and  f  (vemin- 
orum  ?  Am  they  markedly  less  eccentric  ?  Can  they  be 
inferred  to  !*■  more  spacious?  Ko  real  discrimination  may 
U-  possible,  and  if  so,  this  line  of  search  fails,  and  some  other 
must  Ik)  struck  out.  But  it  is  clear  that  only  tentative 
inquiries,  pursued  untiringly  and  successively,  can  avail  to 
bring  us  nearer  to  the  central  truth  we  are  in  quest  of. 

The  light-changes  of  stars  are  determinate  in  amount  just 
in  proportion  as  they  are  accurate  in  period.  Irregularities  of 
one  kind  are  concomitant  with  irregularities  of  the  other. 
They  reach,  in  long-period  variables,  the  limit  of  total  dis- 
regard of  traceable  law.  For  one  settled  cause  of  variability 
a  number  of  consilient  causes  would  seem,  in  such  objects, 
to  !>e  substituted.  Should  their  co-operation  break  down — 
should  one  among  them  become  temporarily  ineffective — every 
vestige  of  cyclical  recurrence  may  disappear.  And  it  is 
important  to  note  that  stars  with  disturbed  periods  merge,  by 
insensible  degrees,  into  stars  with  no  periods  at  alL  Other 
stars  show  intermittent  periodicity.  They  start  cyclical  varia- 
tions only  to  drop  them  after  a  few  recurrences,  the  alternations 
t*eing  often  repeated  at  indefinitely  prolonged  intervals.  A 
law  of  order  is  present;  it  has  not  been  abrogated;  but  its 
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workings  are  almost  neutralised  by  adverse  influences.  Then 
again,  stars  an  band  subject  to  uncertain  accesses  of  li^ht- 
change.  Fits  of  instability  of  the  most  marked  kind  may  be 
followed  by  long  epochs  of  constancy,  as  in  the  case  of 
Cygni,  and,  perhaps  we  may  add,  of  rj  Carina* ;  and  many 
objects  rejected  from  revised  catalogues  of  variables  as  having 
failed  to  make  good  their  title  to  inclusion  are  similarly  star* 
reposing  after  more  or  less  protracted  crises  of  activity.  Tlte 
relations  of  stellar  fluctuations  to  time  are  indeed  unlirnitediy 
various.  Thoy  ore,  however,  characterised  by  one  feature  v 
persists  significantly,  though  far  from  immutably,  notwith- 
standing the  disguising  effects,  in  Mira-variables,  of  accelerated, 
retarded,  and  duplicated  phases.  This  is  the  more  rapid 
increase  than  decrease  of  light.  lb  is  strongly  pronounced  in 
Cepheid  and  cluster  variables;  it  asserts  itself  with  modifica- 
tions in  variables  of  long  period ;  in  the  sun  it  is  never 
obliterated  by  the  supervening  irregularities  of  the  spot-oycle 
This  wide  range  of  agreement  hints  at  some  deep-seated 
principle  of  community,  undefiuable  at  present,  and  intangible 
to  our  mental  grasp,  yet  lying  at  the  root  of  the  direr** 
phenomena  of  stellar  light-change. 

Their  specific  association  with  particular  spectral  types  is 
a  fact  replete  with  meaning,  no  less  than  the  exemption  from 
variability,  complete  or  partial,  of  whole  classes  of  stars. 
Taking  first  the  negative  cases,  we  find  the  Woll'-Rayet 
family  characterised  by  exceptional  stability.  Not  one  of  III 
five -score  members,  so  far  discovered,  shows  the  smallest 
symptom  of  luminous  variation.  Nor  are  their  congener* 
bright -line  helium  stars,  ordinarily  affected  by  it  Those 
that  are  so  affected  betray  qualities  in  some  way  unusual 
Among  them  are  to  be  reckoned  nearly  all  temporary  stars,  the 
singular  short-period  variable  in  Lyra,  rj  Carina?,  and  P  <_ 
Nebulous  stars  are  not  as  a  rule  variable.  The  Pleiades 
shine  with  approximate  constancy;  the  star-groups  ■! 
hearts  of  the  great  Orion  and  Trifid  nebula.'  give  no  conspicu- 
ous sign  of  fluctuation ; '  and  isolated  stare  with  nebular 
appurtenances  are,  for  the  most  part,  steady  light -givers. 
T  Tauri,  however,  makes  an  exception;   and   disappearance*, 

1  The  tilth  ami  mi  tit  stars  of  the  trapMiam  hare,  however,  rvftabUjr 
brightnaaa  of  late.     Coma*  Sola.  A$tr.  Xaek.  No.  5761. 
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transient  or  lasting,  of  certain  minute  stellar  denizens  *>1 
planetary  nebula  have  been,  from  time  to  time,  assorted  or 
surmised.  White  stars  of  either  spectral  variety  arc  scarcely 
ever  intrinsically  variable.  As  spectroscopic  doubles  thev 
are  indeed  subject  to  obscuration  by  eclipse;  as  telescopic 
doubles,  to  slight  and  capricious  fluctuation*  iu  the-  magnitude* 
of  one  or  both  components,  disconnected,  apparently,  from  any 
of  their  orbital  circumstances,  only  three  hydrogen  or  helium 
stars  are  known  to  be  variable  in  any  true  sense ;  these  are 
u  Herculis,  U  Geminorum,  and  R*  Cygni ;  and  the  rarity  of 
this  association  of  qualities  makes  it  especially  desirable  that 
their  spectral  distinctions  should  be  scrutinised  with  the 
utmost  care.  Very  few  second  -type  stars  vary  otherwise 
than  extrinsically.  Nor  do  they,  that  we  yet  know  of, 
undergo  eclipses.  Yet  many  are  binaries  of  the  Cepheid 
kind,  and  thus  become  compuUorily  variable.  1'he  solar 
quality  of  light  must  be  regarded  as  highly  favourable  to 
steady  radiation. 

Just  the  reverse  is  true  where  handed  absorption  comes  in. 
Stars  of  the  third  and  fourth  spectral  types  are  not  only 
pre-eminently  variable,  but  they  vary  dliuoet  without  vxoup- 
tion  irregularly,  or  in  long  periods.  No  spectroscopic  binaries,1 
ii'.)  Cepheid  or  Algol-stars  have  been  found  among  them.  In 
the  character  of  their  light-change,  the  two  classes  of  stars 
with  landed  spectra  are  indistinguishable.  But  their  spectro- 
scopic study  has  brought  into  strong  relief  the  different  conditions 
of  gaseous  incandescence  prevalent  in  each.  In  fourth-type  stars 
it  keeps  aloof  from  fluctuations  of  brightness;  the  same  vivid 
lines  gleam  in  variables  and  non- variables  ;  nor  do  they  seem  to 
kindle  or  lade  in  correspondence  with  the  general  light.  Those 
that  are  visible  iu  third-type  stars,  on  the  contrary,  are  an  ex- 
clusive and  unfailing  mark  of  extensive  variability,  and  attest,  by 
a  sympathetic  course  of  development,  their  intimate  connection 
with  its  processes.  All  this  teaches  us  that  the  processes  in 
question  have  their  seat  in  limited  regions,  and  are  in  a 
measure  detached  from  the  action  going  forward  in  other  parts 
of  the  same  stellar  structures.  Now  variability  of  the  kind 
prevalent    in   stars  with    tin  ruled    spectra  (as   we   know  from 

'  The  nh.il  velocity  of  ^  (lemiuonim  prored  rariablv  on  CftiBpbeU'i  examina- 
tion in  1902.     tick-  Bulletin,  No.  20. 
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certain  of  their  spectral  traits)  originates  in,  or  immediately 
above,  the  photosphere.  Remote  from  the  photosphere, 
accordingly,  must  be  the  location  of  the  emitting  gaseous 
strata  in  fourth-type  stars,  since  the  rays  emanating  from 
them  shine  undisturbed  by  the  progress  of  the  most  con- 
spicuous luminous  vicissitudes.  Hence  the  obvious  deduction 
that  these  are  conditioned  by  internal  peculiaritiea  The 
brilliancy  of  stars  depends,  cateris  paribus,  upon  the  rate 
of  transport  from  within  outward.  Variability  is  an  index 
to  circulatory  changes.  In  addition  to  this  immediate  cause, 
collateral  infiuonoes  doubtless  come  into  play — forces  which 
co-operate  and  combine,  or  mutually  nullify  one  another, 
but  so  obscurely  to  us  that  there  can  be  no  profit,  in  the 
present  state  of  knowledge,  in  prosecuting  what  could  be  no 
more  than  a  conjectural  inquiry. 


CHAPTER   XXVII. 

IKRKOULAR    STAR    CMJ8TX11H. 

Stabs  associated  together  into  communities  are  probably  subject 
to  mutual  influence*  of  special  kinds.  With  the  relative  move- 
ments produced  in  tbcm  by  the  stress  or  pull  of  gravity  we 
are  not  here  concerned  ;  they  form  an  extraordinarily  interesting 
subject  for  future  inquiry,  but  as  yet  no  hint  of  their  method 
is  derivable  from  the  scanty  materials  at  hand.  The  physios 
of  clusters,  however,  falls  within  our  scope,  and  is  a  topic  more 
immediately  acceHaiblc.  It  is  open  to  discussion  chiefly  in 
two  ways — by  studying  the  spectral  j»eeuliarities,  ami  the 
luminous  variability  of  the  component  objects. 

It  is  not  always  easy  to  distinguish  between  a  casual 
"  sprinkle "  and  a  true  cluster.  The  Pleiades  are  the  only 
family  of  stars  which  shows  a  wandering  tendency;  the  rest 
are  ttdscripti  glebe  ;  they  have  no  common  drift  by  which 
they  could  be  set  apart  from  casual  inmates  of  the  same  sky- 
region.  There  remains  the  argument  from  probabilities  of 
distribution,  with  its  indefinite  variations  of  conclusiveness 
according  to  the  circumstances  of  each  particular  case.  Yet 
it  usually  suffices  for  conviction.  None,  at  least,  of  the 
five  hundred  registered  clusters  present  any  real  ambiguity  of 
character,  although  many  other  groups  doubtless  subsist  un- 
recognised because  poor  in  numbers  and  loosely  scattered. 

Two  varieties  of  stellar  collections  can  be  readily  dis- 
criminated. One  is  characterised  by  a  spherical  form ;  the 
constituent  bright  points  press  inward  towards  a  centre ; 
they  aggregate  into  "  globular  clusters."  Those  termed 
"  irregular "  appear  to  be  constructed  on  a  different  plan. 
Very  slight   traces  of   interior  condensation   are  perceptible 
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them ;    they  are  made 


of  star  streams,  branches, 
spirals,   more    or    less    closely   intertwined    and    > 
A    glittering    assemblage    in    Gemini    (Meseier    35)    has 
obviously  radiated  structure.     Lord   Kosse  was   struck    % 
wonder  at  the  arrangement  into   loops  and  arches  of  the 
in  M  37.  a  similar  object  in  Auriga.     Still  more  definite  and 
amazing  are  the  "  patterns,  consisting  of  lines,  wreathe,  ant 
curves  of  stars,"  in  Dr.  Roberta's  photograph  of  a  cluster 
Cassiopeia  (N.G.C.  7789),  taken  with  an  exposure  of  i 
minutes,  26th  November  1892.     The  effect  of  a  marshall 
array  is  irresistible. 

Interior  vacancies  seem  correlative  to  a  streaming  con- 
formation. They  perhaps  represent  spots  denuded  of 
bright  inhabitants  by  the  action  of  some  unknown  ex  puis 
force.  Irregular  clusters,  at  any  rate,  are  often  rei 
perforated  or  furrowed.  Some  are  rendered,  by  the 
ment  of  "  dark  lanes."  essentially  bifid  or  trifid.  The 
known  star -throng  in  Antinous  (M  11)  is  broken  up  by 
partial  clearings  in  a  manner  suggestive  of  eventual  disruption. 
The  breaches  in  the  masonry  (so  to  speak)  are  finely  shown 
in  a  photograph  taken  by  Dr.  Rolwrts,  1  Oth  August  181 
reproduced,  by  his  kind  permission,  in  Plate  XIX.  M.  F< 
from  an  earlier  Crowborough  plate,  mapped  395  component* 
of  this  cluster,  which  includes  altogether  about  1 200.  and 
remarked  that  most  were  entitled,  by  the  close  attendance 
of  satellite-stars,  to  be  regarded  as  forming  multiple  *y*u 
Their  collection  into  seven  or  eight  separate  allotment* 
evident  to  him,  and  could  not,  he  thought,  fail  to 
further  accentuated  with  time.  All,  nevertheless,  yield  apparent 
allegiance  to  a  ninth -magnitude  star,  which  fully 
the  brightness  of  any  of  its  followers.  A  sp« 
examination  of  this  object  would  lie  desirable.  Hie  general 
quality  of  its  light  might  be  readily  ascertained,  mid  the 
taction  of  motion-displacements  need  not  be  despaired  o£  A 
catalogue  of  two  hundred  members  of  this  brilliant  aasemblaeje. 
referred  to  their  leader,  was  drawn  up  in  1870  by  ( 
Helmert,  and  compared  with  measures  executed  by  Lament  in 
1836-39."     The  agreement  was  complete  within  thr  limit*  of 

*  JtM  SacUU  A*t.  <U  Frtma,  Hmn  1895,  p.  8ft. 
*  PuUitatvm**tUr  Hmnburo^r  SfernicarU.  1874,  No.  1. 


'LATE  MX 


I'         .:  *:■!•  •■■  SI 11.     Tjki'ii  !■)  t*i.  KolvilK  nnh  an  fh|N)Mitv«it  V0*». 
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probable  error ;  no  discrepancies  betrayed  shiftings  of  relative 
position,  although  sure  provision  was  made  against  then- 
unnoticed  occurrence  in  the  future. 

Helmert  considered  several  of  the  stars  observed  by  him 
to  be  slightly  variable ;  but  their  changes  made  no  show  on 
the  Arequipa  plates  of  the  cluster.  Since,  however,  they  were 
taken  at  an  interval  of  a  few  days,  only  variables  of  short 
periods  or  rapid  vicissitudes  could  have  been  disclosed,  and 
none  such,  it  is  safe  to  say,  are  present.  Yet  there  is  some 
probability  that  a  temporary  member  was  added  to  the 
group  upwards  of  sixty  years  ago.  On  the  12th  of  August 
1839,  Lamont  entered  No.  9  on  his  list  as  a  "new  star"; 
he  had  not  perceived  it  before,  and  on  the  ensuing  9th  of 
September  it  was  gone.  Helmert  did  not  expressly  look  for 
it,  but  could  only  have  missed  seeing  it  through  its  extreme 
faintness.1  Indeed,  it  was  most  likely,  by  that  time,  as  hope- 
lessly extinct  as  Nova  Andromeda)  now  is.  The  stars  of 
M  11,  although  devoid  of  nebulous  attachments,  axe  shown  in 
one  of  Professor  Barnard's  small-scale  photographs  to  form  a 
knot  at  the  margin  of  one  of  the  great  cloudy  formations  in 
the  Milky  Way,  their  actual  nuclear  relation  to  which  he 
regards  as  "  hardly  questionable." 2  This  may  be ;  the  sup- 
position is  plausible  ;  yet  it  is  a  long  way  from  being  de- 
monstrable. Meanwhile  the  practical  inquiries  to  be  made  in 
connection  with  the  cluster  are  these  two :  What  is  the  spectrum 
of  its  leader  star  ?  and,  Do  any  of  its  components  vary  in 
light  ? 

The  lovely  double  cluster  in  Perseus  (N.G.C.  869,  884) 
resembles  it  in  being  non-nebulous,  perhaps  also  in  possessing 
galactic  aft  initios.  The  twin  groups  are  known  respectively 
as  h  and  x  Persei.  Their  connection  is  remote;  dynamically 
they  can  scarcely  be  mutually  dependent,  but  they  are  of 
closely  analogous  construction,  and  their  components  are 
similarly  linked  into  festoons  and  spirals.3  None  of  them  can 
U-  (perceived  to  drift,  absolutely  or  relatively.  This  was  put 
in  the  test  in  1884,  when  172  stars  in  "  ^  Pereei "  were  photo- 
lt  iphii  ally  determined  by   O.   Lohse    for  confrontation    with 

1    Piihliaiti>nirm  tier  Hamburger  SternwarU,  p.  79. 

'•'  A*tr»i>h.  Jvurn.  vol.  i.  p.  11. 

3  Koliert*,  CtUMiai  I'kotoyrapKa,  vol  i.  p.  3». 
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the  results  of  Vogel's  uiicrometrical  measures  of  them  fourteen 
years  earlier.1  Their  seeming  immobility  will  probably  te 
maintained  for  many  decades  yet  to  come.  Vogel's  special 
catalogue  of  the  thirty  brightest  among  them  (all  above  the 
tenth  magnitude)  might,  nevertheless,  usefully  be  revised, 
from  the  photometric  point  of  view,  for  the  purpose  of  detect- 
ing possible  alterations  of  brilliancy.  The  task  would  be  the 
more  hopeful  that  some  of  the  objects  in  question  have  a  not* 
of  colour.  A  "  ruby  "  star  was  allotted  a  central  position  in  ^ 
Persei  by  Sir  John  Herschel ; 3  the  Parsoostown  reflectors  dis- 
played rosy,  yellow,  and  bluish  tints  in  many  of  its  sparkling 
associates ;  and  Mr.  Espin,  much  more  recently,  located  in  the 
outskirts  of  the  cluster  eight  reddish  stars  with  fluted  spectra.* 
These  may  be  expected  to  prove  more  or  less  variable,  though 
not  in  the  prompt  and  definite  fashion  prevalent  in  globular 
assemblages. 

Professor  Barnard  recognises  two  varieties  of  irregular 
clusters — the  purely  stellar  and  the  nebulously  stellar.*  They 
can  be  distinguished  with  certainty  only  by  chemical  means. 
Long  photographic  exposures  are  needed  to  test  satisfactorily 
the  condition  of  grouped  stars.  The  characteristic  nebulosity 
qJ  many  clusters  may  in  fact  be  counted  one  of  the  most  import- 
ant discoveries  made  with  the  assistance  of  the  camera.  But 
at  present  we  are  dealing  with  the  non-nebulous  kind,  soeh 
as  the  Hyades  and  Prrsepe  in  Cancer. 

Aldebaran,  the  great  red  "eye  of  the  Bull."  is  in.  but  Dot 
of  the  Hyades.  The  disconnection  will  be  rendered  obvious, 
and  the  relative  drift  more  precisely  definable,  when  the  radial 
movements  of  the  several  stars  can  be  spectroeeopically  fixed. 
This,  indeed,  is  already  feasible,  were  it  not  that  the  great 
telescopes  of  the  world  are  otherwise  occupied. 

Forty-five  stars  in  Pnesepe  have  been  located  with  rigid 
accuracy.  Winnecke's  observations  of  them  in  1858.  Asaph 
Hall's    in    1870,   above    all,    Schurs    Catalogue    for    1875* 

1  Der  SternMairfm  x  Ptrmi,  187B,  p.  30. 
■  Phil.  Trans,  vol  axxiii.  p.  373. 

*  W«bb,  CW.  Oly'eeU,  ed.  Eipio,  vol.  11,  p.  200, 
4  Attr.  and  AatrapAjftUM,  vol.  xiii.  p.  180. 

•  AMron.  Mittheilungen  <Ur  ftftt.  StmvmrU  »  fMtfMtfm,  TV  If.  !  W  ISt 
Svhlcaiiigor'ft  "Mew •rein exit  of  the  RntherfurU  Wtotographa  of  th«  I'maf* 
Crnop  "  "    'nbutio**  from  th*  Columbia  Cnivenily,  No.  16,  18*8. 
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laboriously  constructed  from  a  triangulation  with  I  he  Got- 
tingen  heliometer,  ensure  the  detection  of  their  future  move 
ments.  They  are  extremely  minute  lu  the  course  of  thirty 
two  years  they  produced  effects  so  small  as  to  lie  Lurch 
determinabla  The  flj-ectra  of  ninety  members  of  this  stellur 
family  were  photographed  in  or  about  the  year  1896  at 
Harvard  College.1  Owing  to  their  faintness —  they  ranged 
from  6*5  to  95  magnitude — the  detuilH  of  their  classification 
remained  uncertain;  but  the  one  main  fact  was  brought  out 
that  the  collection  ia  of  mixed  quality.  It  does  not  seem  to 
r>e  expressly  assorted  i  u  any  way  ;  no  spectral  pattern  can  1x5 
called  predominant  Twenty-eight  of  the  ninety  associates 
were  recorded  as  Siriuu,  sixty-one  as  solar  or  intermediate 
stars,  and  the  third  type  was  represented  by  a  solitary  IpeoS* 
men;  that  is  to  say,  the  percentage  of  first-type  spectra  in 
Pnesepe  is  thirty-one,  while  it  rises  to  sixty-five  in  the  Pleiadea, 
and  sinks  to  fifteen  in  Coma  Berenices.  In  this  last  asteriam. 
however,  the  stars,  although  crowded,  are  not  tltuUred}  Yet 
their  crowding  obtain*  si^oiiticance  through  Professor  Pickering's 
notice  of  their  almost,  exclusively  solar  character. 

A  spectrographic  survey,  carried  out  at  Harvard  College, 
of  four  southern  clusters  of  the  coarse-grained  or  irregular 
description,  has  lifted  another  corner  of  the  veil  from  this 
department  of  astrophysics.  One  of  these  objects,  still  uu- 
cutulogued,  is  situated  in  the  neighbourhood  of  17  Carina; ;  a 
second  (N.O.C  3523)  is  not  far  off;  the  third  and  fourth 
CSM.C  0405  and  6475  =  M  6,  M  7)  are  found  in  Scorpio. 
The  plates  exposed  showed  in  the  aggregate  705  spectra 
capable  of  characterisation,  of  which  576  were  unmistakably 
of  the  first  type.8  The  average  proportion,  then,  of  hydrogen 
stars  in  these  four  clusters  is  82  per  cent.  Half  a  dozen 
helium  stars  were  identified  in  the  anonymous  group,  none  in 
the  rest.  On  the  whole,  spectral  uniformity  may  be  con- 
sidered  the  ideal  state  towards  which  most  clusters  tend;  it 
would  perhaps,  if  accidental  components  could  be  eliminated, 
prove  to  \h'  more  nearly  realised  than  it  seems.  In  this  con- 
ned ion  it  is  of  interest  to  note  that  M  37  in  Auriga  consists 

1  /iar-tifU  Annals,  vol.  xxvt.  pt.  ii.  p.  'J64- 

•  W.  L\  K:-t/,  Vuulributtvtu  from  the  Columbia  University,  No.  IS,  1900, 
1 1.   I's.  *  Jftttnri  Annali,  vol.  xxri.  p,  383. 
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wholly  of  yellow  stars,  presumably  lielonging  to  tbe  solar 
class.  The  sky,  in  Admiral  Smyth's  phrase.  appears  in  that 
spot  as  if  strewn  with  gold  dust.  The  companion  cluster  in 
Gemini  is,  on  the  other  hand,  resplendently  white ;  and 
Dunlop  registered  at  Paramatta  a  bluish  globular  duster 
(N.G.C.  6723)  likely  to  be  packed  with  Sirian  stars. 

The  jewel-cluster  about  k  Crucis  is  differently  organised. 
Harmonies  of  contrast  rather  than  of  consonance  may  here  be 
observed ;  but  the  collected  brilliants  display  their  various 
tinta  effectively  only  in  the  fields  of  large  telescopes.  From 
measures  of  130  of  them,  Mr.  Russell  of  Sydney  derived  in 
1872  ostensible  evidence  of  comparatively  rapid  interstitial 
movements  during  the  thirty-five  years  elapsed  since  the  date 
of  Sir  John  Herachel's  corresponding  work ;  but  until  a  fresh 
set  of  determinations  gives  assurance  that  they  are  pursued 
systematically,  little  weight  can  be  laid  upon  discrepancies 
otherwise  explicabla  His  suspicions  of  variability  in  twenty* 
five  components  have  not  eo  far  been  verified.  Several  are 
bright  enough  to  show  distinctive  spectra,  the  nature  of  arUefe 
it  would  be  particularly  interesting  to  ascertain.  This 
beautiful  object  lies  near  the  northern  border  of  the  "Coal 
Sack" 

Irregular  clusters  obviously  form  systems  of  extreme 
intricacy.  They  cannot  be  pieces  of  mechanism  set  in  action 
by  some  uniformly  operating  motive  power.  Their  aspect  is 
in  most  cases  irreconcilable  with  the  hypothesis  of  a  dynamical 
equilibrium.  Few,  if  any,  betray  by  movement  or  conforma- 
tion the  influence  of  a  preponderating  centre  of  attraction. 
They  rather  suggest  inconceivably  complex  aggregations  of 
partial  systems  bound  together  loosely  nor  perhaps  indissoluble 
The  investigation  of  their  mutual  relations  will  tax  the 
resources  of  the  old  as  well  as  of  the  new  astronomy.  Some 
of  the  problems  to  be  confronted  have  just  begun  to  take 
shape,  others  loom  on  a  remote  horizon.  As  a  prelude  to 
dealing  with  them,  the  separation  might  gradually  be  effected 
of  the  really  physical  from  the  merely  optical  components  of 
clusters.  The  process  will  be  greatly  facilitated  by  the  ready 
help  of  the  camera ;  and  the  slow  evolution  of  telescopic  or 
tangential  displacements  can  already  in  jwLri,  be  forestalled  by 
the  spectroscopic  disclosure  of  radial  velocities. 


CHAPTER    XXVIII. 

NEBULOUS    CLUSTIB8 THB   PLIUDIS. 

"  Tangled  in  a  silver  braid "  of  shining  world -stuff,  the 
Pleiades  stand  out  as  the  typical  nebulous  cluster.  They  give 
signs  of  not  being  indefinitely  remote.  The  assembled  stars 
have  a  common  drift,  which  is  most  likely  a-  perspective  effect 
of  the  sun's  advance  in  the  opposite  direction.  If  this  be  so, 
their  light  spends  just  200  years  in  reaching  the  earth, 
the  rate  of  our  progress  towards  the  constellation  Lyra  being 
taken  at  twelve  miles  a  second.  Alcyone  then  radiates  at 
the  very  least  190  times  more  powerfully  than  our  eon; 
in  its  place,  Sirius  would  appear  fainter  than  the  fifth 
magnitude ;  it  would  be  outshone,  not  only  by  the  ludda  of 
the  group,  but  also  by  five  of  its  companions — by  Atlas, 
Merope,  Electra,  Maia,  and  Taygeta.  Thus  the  glory  of  the 
AM. minis  would  be  but  slightly  enhanced  by  the  addition  of 
the  great  Dog  star  to  their  number,  and  the  scale  of  the 
system  must  be  commensurate  with  the  magnificent  luminosity 
of  its  members. 

A  beginning  has  been  made  in  the  discrimination  of  the 
genuine  Pleiades  from  their  optical  companions.  The  definite 
character  of  their  pro]>er  motions  has  made  actually  feasible 
what  in  other  similar  collections  is  only  remotely  possible. 
The  outcome  of  Elkm's  measures  with  the  Yale  heliometer 
in  18K4-851  was  to  distinguish  forty-five  stars,  including 
Alcyone,  as  insejiarable  travellers,  while  eight  proved  their 
imle|icmlence  by  dropping  out  of  the  ranks.  This  group  of 
forty-five  members  may  be  regarded  as  a  nucleus  round  which 
additional    stars   will  aggregate  as  their  movements  develop. 

1   Tranjwttona  YaU  Observatory,  vol.  i.  pt.  i.  1887. 
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How  far  it  will  extend,  how  many  of  the  email  stars  swj 
on  long-exposed  negatives  it  will  eventually  take  in. 
conjectural.  Its  delimitation,  however,  should  be  practicable 
in  the  course  of  a  decade  or  two ;  for  the  comparison  of 
photographs  taken  about  1915  with  those  of  1385  and  1888 
may  be  expected  to  bring  numerously  into  view  relative  dis- 
placements consequent  upon  the  abandonment,  as  it  were  in 
mid-ocean,  of  a  multitude  of  pseudo-Pleiades  exempt  from  the 
drift  belonging  to  the  true  cluster.  There  is  reason  to  think 
that  this  process  of  expulsion  will  have  to  be  carried  far 
The  self-selected  assemblage  will  proliably  not  be  ovi 
crowded  Exact  numerical  inquiry  lias  led  to  many  unex- 
pected results,  but  to  none  more  surprising  than  tliat  of  the 
thinning-out  of  faint  stars  within  the  area  of  the  Pleiades 
Professor  Bailey  counted  nearly  4000  on  a  photograph  includ- 
ing it  taken  with  the  Bruce  twenty-four-inch  lens  in  1897 ;  but 
their  density,  as  a  detailed  examination  made  evident,  fell  oft 
notably  and  systematically  inside  the  precincts  of  the  system. 
"  It  therefore  appears,"  Professor  Pickering  wrote,1  "  that  the 
total  number  of  stars  in  the  region  of  the  Pleiades  is  actually 
less  than  in  adjacent  portions  of  the  sky  of  equal  area,  and  it 
IB  much  less  than  the  corresponding  number  in  many  purls  of 
the  Milky  Way."  Regarded,  then,  as  a  physical  entity,  the 
cluster  includes  only  the  brightest  of  the  spangled  points 
thrown  together  into  the  field.  The  spangles  of  the  background 
would  indeed  presumably  be  still  more  numerous  but  for  the 
absorbent  effect  of  the  nebulous  masses  attached  to  the  brilliant 
stars  in  front  of  them.  Their  paucity,  at  least,  must  be  some- 
how accounted  for,  and  this  explanation  of  it,  suggested  by 
Professor  Pickering,  seems  admissible.  M.  Stratonoff,1  too,  was 
led,  by  a  study  of  stellar  distribution  in  their  neighbourhood, 
to  the  conclusion  that  the  physical  associates  of  Alcyone  are 
comparatively  few ;  and  the  conclusion  is  the  more  interesting 
from  the  sure  prospect  of  bringing  its  truth  to  the  test. 

The  Pleiades  might  l»e  described  as  not  merely  a  nebulous 
cluster,  but  as  a  cluster  of  nebula?,  so  numerous  and  so  sharply 
characterised  are  the  cloudy  forms  collected  within  its  borders. 
All  wive  one  are  photographic  revelations.  The  rxtv]iiion  M 
the  "Merope   nebula,"  discovered    by  Tempel    19th   October 

I  J****.  Journ.  vol.  v.  p.  S6S.  ■  A*r.  AVA.  No.  3441. 
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1859.  A  mere  "  breath  stain"  on  the  sky,  it  is,  to  telescopic 
vision,  a  highly  elusive  object ;  yet  it  is  always  there,  striated 
and  definite,  when  looked  for  by  chemical  means,  aud  the 
hypothesis  of  its  variability  has  long  ago  been  abandoned. 
The  Maia  nebula  ha*  something  of  the  same  striped  aspect, 
but  clings  in  a  strongly  curved  whorl  to  the  star  which  forms 
its  nucleus.  Mr.  H.  C.  Wilson  of  the  Goodsell  Observatory 
described  as  follows  a  photograph  of  this  object  taken  by  him 
30th  January  1894.1  "  The  region  about  Maia  is  especially 
interesting.  A  very  bright  horn -shaped  patch  of  nebula  runs 
out  from  the  west  edge  of  the  star-image  immediately  north- 
ward, and  extends  to  a  distance  <>f  '■'•'  north  ol  the  star.  The 
nebula  here  is  full  of  irregularly  parallel  streaks  similar  U> 
those  about  Merope,  but  making  only  a  very  small  angle  with 
the  meridian.  Some  of  them  run  to  and  beyond  the  bright 
stars  north  of  Maia,  A  scries  of  rather  broad  and  diffuse 
patches  extend  from  tha  middle  of  the  group  uu  a  diagonal 
toward  the  north-west,  reaching  to  a  comparatively  bright  pair 
of  stars  in  that  direction." 

A  second  Merope  nebula,  totally  unlike  the  first,  was  dis- 
covered by  Professor  Bawd  with  the  Lick  thirty-six- inch 
refractor  14th  Noven it mt  1890.2  It  is  round,  clearly  termi- 
nated, and  centrally  condensed,  30"  in  diameter,  and  presents 
the  general  effect  of  a  distant  comet  With  the  adjacent  star 
it  forms  so  close  a  combination  as  to  indicate,  almost  of  neces- 
sity, the  slow  progress  of  mutual  revolution.  Mr.  Burnham, 
who  measured  the  new  nebula  at  Lick  in  the  autumn  of  1891, 
regarded  it  as  "  one  of  the  most  singular  objects  in  the 
heavens/1  and  "  unique  with  respect  to  its  nearness  to  a  bright 
naked-eye  star."3  It  is  the  brightest  nebula  in  the  Pleiades, 
and  came  out  well  on  plates  taken  by  Professor  Keeler  in 
1898  with  the  Crossley  reflector.* 

Another  cosmic  species  singularly  exemplified  in  this 
cluster  might  be  called  "  ribbon  nebulas."  They  run  in  narrow, 
straight  bauds  from  star  to  star,  in  one  case  stringing  together 
six  ur  seven,  "  like  l>eads  on  a  rosary,"  and  they  pursue  with 

1  Astronomy  ami  A*tro/ihy$ic§,  vol.  xiii.  p.  193. 

3  Attr.  Xuth.  No*  3018,  3032. 

•   Ibid.  No.  3071  ;  J'liht.  Lick  ob$emitory.  Vol.  ii.  |».  174. 

*  J»urn.  Brit,  AUr.  Asmx.  vol.  ix.  |i.  133. 
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fair  accuracy,  along  parallel  lines,  an  east  and  west  direction. 
What  manner  of  communication  they  establish  between  the 
suns  they  connect  it  iH  impossible  to  divine.  They  may  con- 
ceivably be  mere  survivals  of  a  prior  order  of  things,  belonging 
rather  to  the  past  than  to  the  present ;  but  no  structures  more 
curious  have  been  brought  to  our  notice  by  the  camera  than 
these  long,  luminous  highways  built  as  if  for  the  purpose 
of  facilitating  intercourse  between  the  cities  of  space.  An 
unfinished  road  starts  from  Elect™  towards  Alcyone ;  it  has 
been  completed  over  only  about  one-third  of  the  way.  Or  is 
it  the  wreck  of  a  celestial  causeway  which  formerly  reached  its 
deatination,  but  has  been  gradually,  for  some  ages  past,  Calling 
out  of  use  and  repair?  The  question  is  a  daring  one;  ulti- 
mately, however,  the  comparative  study  of  analogous  object* 
may  supply  hints  for  answering  it,  at  least  by  a  plausible 
surmise.  The  cluster  is  besides  crowded,  especially  in  the 
neighbourhood  of  Alcyone,  with  irregular  or  nondescript 
nebuLe,  which  choke  the  background  as  if  with  rolling  fog. 
But  in  general  the  tendency  is  unmistakable  to  assume 
filamentous  shapes,  such  as  were  shown  with  peculiar  distinct- 
ness in  two  photographs  taken  by  M.  Stratonoff  at  Tashkent 
early  in  1896  with  multiple  exposures  of  respectively 
and  seventeen  and  a  half  hours.1 

The  hifltory  of  the  Pleiades  nebulosities  does  not  end 
Professor  Barnard  had  long  been  aware  of  a  dulling  of  the  sky- 
ground  over  a  vast  adjacent  area;  and  at  last,  in  December 
1893,  he  put  these  vague  perceptions  to  the  test  by  means  of 
&  ten  hours'  exposure  with  the  Willard  lens.*  "  The  resulting 
picture,"  he  wrote,  "  showed  a  number  of  singular  curved  and 
streaky  nebulosities,  apparently  connected  with  the  Pleiades 
and  extending  all  about  the  group."  Some  of  them  he  was 
able  to  trace  for  several  degrees  on  either  side,  especially  towards 
the  east.  Yet  doubts  were  expressed  as  to  whether  spurious 
photographic  effects  were  not  in  question.  The  phenomenon 
disclosed  was,  indeed,  so  amazing  that  some  degree  of  scepticism 
was  excusable.  Its  reality,  nevertheless,  had  to  be  adin 
Confirmatory  photographs  were  produced  by  Dr.  Max  Wolf.'  by 

*  A*r.  Nock.  No.  SMI.        ■  Ibid.  No.  3253  :  MtotAiy  .Vrfwo.  vol  la.  f.  1M. 
'  Jttr.  A'ocA.   No.  31275;  Sinus,   1891.  p.    106.     WolTi   f*otop«pLa 
Uk»n  pnriouftly,  bat  tutcri>r*t«d  labwijuentlj'  to  BanMnTi 
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Mr.  H.  C  Wilson,1  and  by  Professor  Bailey.  A  skilful  drawing 
by  Mr.  E.  Calvert,  embodying  the  combined  results,  is  repro- 
duced  iu   Fig.  46.      But  its   limits  are  too  narrow  to  include 
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wild  tin*  "startling  fact"  fas  Professor  Barnard  calls  it  th.n 
lip'  I'b-iades  and  their  involved  nebulosities  are  but  tin  1 1 
condensation  of  us  enormous  nebula,  intricate  in  details,  and 
covering  at.  least  a  hundred  square  degrees  of  the  sky."'  The 
magnitude  of  ibis  mixed  system  staggers  belief  and  ocmfaamh 
the  imagination.  We  contemplate  it  with  iuijierlcct  apprehen- 
sion of  its  scope  and  significance.  For  the  present,  the 
relatione  between  its  various  parts  ap]»ear  scarcely  ojxm  to 
investigation.  The  possibility  even  of  speculating  upon  them 
will  offer  itself  only  when  acquaintance  begins  to  lie  mad*' 
with  the  spectral  characteristics  of  the  Pleiades  nebula*.  That 
they  arc  all  alike  guso>>u>  may  safely  be  assumed  :  nevertheless 
their  dispersed  light,  when  it  becomes  practicable  to  examine 
it,  will  perhaps  offer  diversities  full  of  interest. 

Among  the  stars  of  the  cluster  a  single  spectral  type 
markedly  predominates.  1 1  may  lie  distinguished  as  "late  i  Irian 
Hydrogen  absorption  is  prominent;  helium  absorption  also 
asserts  itself,  hut  with  less  emphasis  than  in  the  .-aria  i  !..i- 
"I  the  suae  class. J  This  quality  of  light  is  common  l"  all  the 
principal   stars;    those  that  deviate   from    it    are   ol 

ades  of  brightness,  and    may   eventually,  thioitgh    the   i  ' 
of  proper  motion,  be  sifted  nut  from  an  assemblage  to   which 
they  do  not  projierly  belong.      Hence,  when  the  group  comes 
l"  be  organised  mi  a  definitive  basis,  the  gn  u  percent  ige  of  n  El  v- 
live  helium  stars  may  have  to  1*  raised  very  much  higher.       I 
first   example   of  a    mixed    hydrogen   series    was    met    with    in 
Alcyone.      Profeeso]    Campbell  was  astonished   to    pevoeta 
1893  that  its  spvLrum,  iihcrwise   marked  only  b)    abeoi 
action,  Included  a  glowing  crimson  ('.      Very  remarkably,  too, 
tin-  solitary  bright  ray  is  coupled  with  a  dark  stnsli   -iiuated, 
as  usual  in  cases  of  duplication,  on  its  more  refrangible 
Which    is     the    displaced    line    has    still    to    lie    an    i 
Pleioae,  the  only  other  member  of  the  family   showing  signs 
id'  emission,  is  spcctroecopically  akin    t-<   7    Canw'opoifc      Its 

bright    rays    hi  uie   baud.-.'       The  r>v<  tlic    rate 

ol  eight  or  ten  miles    1  -< nd  of  the  solar  from  the  Atlai 

system  must  oocwdon  »   perceptible  shift   towards  the  »• 
all    the   spectral    linee   «>i    tie   members,   to    which 

■  MmCMi  JV0M1  h  rat  W.  \><  259. 

4  A.  C.  Maury.  Bmmnl  Anna/*,  vol.  xiviii.  p.  20.  ■  *•*  *mU,  f.  230 
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element  are  superadded  the  varied,  and  perhapw  varying 
efFects  of  their  individual  motions.  Spectrograph ic  researches 
hold  out,  then,  the  best  prospect  of  gaining,  within  a  mwon- 
able  lap**  of  time,  some  insight  into  the  working  of  this 
amazing  piece  of  celestial  mechanics.  I»'rom  a  triangulation, 
executed  with  the  Gtittingen  hebometer  in  1889-91,  I)r. 
Ambronn  derived,  as  he  thought,  indications  of  a  division 
of  the  cluster  into  several  distinct  parcels  of  mutually 
dependent,  masses;1  but  bis  measures,  which  included  only 
sixteen  stare,  had  too  restricted  a  scope  to  be  decisive  of 
much. 

No  stars  of  assured  variability,  whether  periodical  or 
irregular,  arc  found  among  tin-  Pleiades.  Yet  light-changes. 
eluding  definite  recognition,  are  suspected  to  prt>greaa  Maia 
and  Meropo  have  both  been  held  to  fluctuate  slowly ;  and 
Atlas,  divided  inui  a  pair  by  Struve  in  1827,  is  now  single, 
with  all  powers,  in  the  serenest  skiea  Only  a  twofold 
occultation,  noted  by  Hurtwig  in  1876,  seemed  to  intimate 
the  obscure  survival  of  the  vanished  companion.  Possibly 
it    may    make    itself  felt    spectroscopically,  even    should    it 

never  agi&iu    be    Been.       The  uiotiuu-diHphux;iiieutM,  uccunliugly, 

yielded  by  Atlas  deserve  attentive  scrutiny,  since  from  them 
may  lie  obtained  the  key  to  one  of  the  long  outstanding 
enigmas  of  double-star  astronomy.  Another  member  of  the 
group  appears  to  have  an  authentically  variable  attendant. 
In  Wolfs  map  of  1874  an  anonymous  7"2  magnitude  star 
due  south  of  Alcyone  is  marked  as  a  wide  double ;  it  was 
single  in  the  Paris  photograph  of  1886,  but  again  double  in 
that  of  1888,  when  the  satellite  had  risen  to  eighth-magnitude 
brightness.  Yet  M.  Chevremont,  reviewing  the  collection  with 
a  small  refractor  in  November  1895,  could  find  no  trace  of 
it-  This  was  the  most  precisely  defined  among  several  cases 
nf  presumable  light-fluctuation  met  with  in  the  course  of  his 
survey.  Again,  M.M.  Muller  and  Kempf  constructed  at 
Potsdam  in  1899  a  photometric  catalogue  of  ninety-six  Pleiades,* 
forty-two  of  which,  given  in  the  Bonn  Durchmusterung  as  of 
0r»  magnitude,  seemed  to  have  diminished  so  considerably  in 

.t>'i.  Mi'th-  i'iin-1-  a,  Tli.  iii-  ;  quoted  in  Obterratory,  vol.  xvii.  p.  309. 
•  livll.  SocitU  AMr.  .Ir  Franre,  1896,  \>.  293. 
3  Astr.  Aim*.  No*.  3587,  3588. 


122 


PROBLEMS   itf   ASTROPHYSICS 


brightness  that  their  mean  magnitude  could  not  t* 
higher  than  10-7.1  Very  little  real  change,  however, 
here  have  l*een  concerned,  unoa  the  ordering  of  stare  in  thr 
lower  ranks  of  the  Durchinusterung  is  known  to  have  been  » 
highly  casual  process.  It  can  scarcely  be  doubted,  indeed, 
that  some  components  of  the  cluster  are,  in  a  measure 
variable,  but  their  variability  is  of  a  kind  not  easily 
certified ;  it  follows  no  method  ;  it  obeys  no  time-prescription  . 
its  effects,  perceived  when  least  looked  for,  cannot  be  counted 
upon  to  recur.  Hence  the  problems  of  light-change  set  by  the 
Pleiades  are  of  a  peculiarly  battling  nature. 


VOMI,  Jahred-crichi,   l&V'A 


CHAPTER  XXIX. 

NEBULOUS  CLU8TKB8 — Continued. 

Many  nebulous  clusters  besides  the  Pleiades  are  known,  but 
none  in  which  the  relations  of  stare  and  nebula  are  so  highly 
specialised.  In  general,  the  stellar  collection  seems  as  if 
independently  organised,  and  plunged  iu  u  whole  into  an  ocean 
of  cosmic  fog,  without  any  strong  tendency  on  the  port  of  it* 
members  to  form  individual  nebulous  attachments  or 
connections.  When,  however,  the  structural  details  of  such 
formations  come  more  fully  to  our  acquaintance,  they  may  be 
found  to  contain  evidence  of  a  closer  association  between 
particular  objects  of  the  two  species  than  can  at  present  be 
vouched  for.  Such  investigations  can  be  conducted  effectively 
only  by  photographic  means  and  with  carefully  adapted 
instruments.  For  the  purpose  of  bringing  out  the  full  extent 
of  the  nebulosity,  small  portrait -lenses  have  prerogatives, 
illustrated  practically  by  Professor  Barnard,1  theoretically  by 
Professor  Wadsworth.2  But  pictures  on  a  larger  scale  than 
those  obtained  with  them  are  needed  for  the  disclosure  of 
many  topographical  minutiae  huddled  together  by  the  strong 
concentration  due  to  their  short  focal  length.  For  securing 
these,  reflectors  of  powerful  light-grasp  are  unsurpassable. 
Thus  two  lines  of  photographic  inquiry  should  be  made  to 
converge  upon  uebulous  clusters ;  one  directed  towards 
determining  the  limits  of  the  involving  nebulosity,  the  other 
towards  ascertaining  its  constructive  peculiarities. 

To  a  superficial  view  the  object  we  are  now  about  to 
deserilie  seems  more  like  a  cluster  and  nebula  than  a  nebulous 
cluster.     The  nebula  is  "  Messier  8  "  ;  it  is  just  visible  to  the 

1    Mouthlit  .VcftVo,  vol.  IviL  p.  1(5.  ■  KrunciaU/r,  vol.  xx.  |>.   194. 
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naked  eye,  and   from  the  oval  vacancies  which  interrupt  it* 
light,  it  haa  received  the  descriptive  designation  of  the  "  Lagoon 
Nebula." l      The    cluster — separately    catalogued    as    N.G.C. 
6530 — immediately  follows  it  on  the  same  parallel,  but  not  in 
complete    detachment.       The    two    formations    unmistakably 
overlap,   and,  to    discerning  vision,   inextricably   intermingle. 
Professor  Barnard's  negatives,  taken   with   the   Willard   lens 
in  1892,  showed  the  compound  object  to  be  "a  singular  mix- 
ture of  stars  and  nebulosity.     East  and  west  its  diameter  U 
about  45',  and  north  and  south  some  42'.     The  southern  side 
is   sh  ii  ]  1  v   defined   and  serrated,  with  three  distinct  pointed 
projections.       From    its    north -following    corner    a    wisp    of 
nebulosity  extends  nearly  to  a  group  of  nebulous  stare,  and 
possibly  with  a  Longer  exposure  would  be  found  to  conned 
with   them."  *     A  picture  on   so  small  a   scale   could    teach 
little    regarding    internal   structure ;    the    "  lagoons,"    in    fact, 
appear  in  it  nearly  silted  up  with  diffused  nebulosity.      Many 
of  the  brighter  stars  are  involved  in  the  pervasive  haze,  and 
one  in  particular  occupies  too  critical  a  position  at  the  edge  of 
"  a  very  black  hole "  for   the    supposition  of  a  mere  chanc* 
arrangement  to  be  permissible.     It  may  be  doubted,  however. 
whether  the  5'7  magnitude  star,  9  Sagittarii,  has  more  than 
an  optical  connection  with  the  cluster,  and  the  multitude  of 
stellar  points  glittering  in  the  background  will  almost  certainly 
he  separated  from  it  by  the  slow  discrimination  of  drifting 
movement.     A  preliminary  Btep  towards  applying  the  test  was 
t  ilon    by    M.    Comas    Sola    in    1898.8       His    photographic 
triangulation  of  the  group  fixes  a  starting-point  for  comparative 
inquiries  which  can  yield  tangible  results  only  in  the  distant 
future.     His  plates  showed  the  stars  to  be  doubly  implicated 
with  nebulosity.     One  of  the  seventh  magnitude  acts  as  the 
focus  to  a  cloudy  mass,  distinct,  apparently,  from  a  diflfusr. 
elongated    structure    projected     upon     the    central     parts    of 
the  cluster,  which  it  not  impossibly  encloses  in  annular  fold** 
The  Lagoon  Nebula  gives  a  spectrum  of  bright  lines.      It  will 


1  Clarke,  SyHtm  qf  the  Start,  p.  284. 

»  AXt.  Naeh.  No.  3111  :  Attr.  and  JUmphyMa,  vol  xiit  p.  792. 
■  Attr.  -V<wA.  So.  3535. 
*  Cf.  photograph*  of  tho  clatter  aud  ncbul*  by  NttgunnU,  KnovUtft,  tW. 
til,  p.  183,  hikI  by  Robert*  ibid.  vol.  xxiii.  p.  132. 
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be  interesting  to  learn  whether  they  are  displaced  by  motion, 
and  whether,  if  80,  corresponding  sjawtni]  shifts  in  the 
clustered  stars  ratify  the-  presumption  of  organic  relationship 
between  the  two  order*  of  formation, 

The  optical  history  of  nebulous  objects  is  often  curious  and 
instructiva  As  an  open  cluster,  N.G.C.  2239,  in  Monooeros, 
was  first  observed  by  Sir  John  Hersrhel.  An  adjacent  patch 
of  nebulosity,  seen  by  Swift  in  1866,1  again  attracted 
Barnard's  attention  in  1883.  It  proved  to  be  a  kind  of  knot 
on  a  great  nebulous  ring  discerned  by  the  latter  in  its  entirety 
with  the  Lick  twelve-inch  refractor  in  1889.*  This  encloses 
the  star  group  like  a  ring-fence, and  may  be  said  to  osculate  with 
a  second  great  filmy  t-llipMi,  of  which  only  a  suction  is  percept- 
ible. Then  came  the  turn  of  the  camera.  Professor  Ikirnard 
obtained  a  photograph  of  the  complex  arrangement  9th  January 
1894,  which  confirmed  visual  impressions  whil«  demonstrating 
their  inadequacy.  They  were  not  misleading,  but  extremely 
partial.  The  photographed  nebula  is,  in  Professor  Barnard's 
words,  "about  one  degree  in  diameter,  aud  very  irregular  in 
brightness  and  outline." s  It  involves  the  cluster  with  unequal 
condensations,  which  ire  especially  heavy  north  of  the  bright 
stars.  The  nebulous  knots,  and  the  section  of  a  large  ellipse, 
fully  depicted  in  the  sketch  of  1889,  reappeared  in  the 
chemical  picture.  In  this,  the  only  effect  of  annularity 
left  visible  is  that  a  vacant  interior  space  seems  reserved 
for  the  conspicuously  grouped  stars.  Their  chief  being  of  the 
eighth  magnitude,  the  determination  of  its  spectral  character 
should  present  no  difficulty,  and  would  be  of  particular  value 
as  a  test  of  nebulous  affinity. 

The  number  of  alternative  titles  by  which  the  star 
catalogued  by  Flamsteed  as  "  15  Monocerotis"  is  known 
expresses  the  curious  variety  of  its  claims  to  distinction. 
It  is  variable,  multiple,  and  nebulous.  In  the  first  capacity 
il  is  designated  "S  Monocerotis."  Its  fluctuations  from  4*9 
io  o*4  magnitude,  in  a  period  of  34  10h  38m,  were  noted  by 
Winneekc  in  18G7.  These  elements  are  indeed  still  some- 
what  uncertain.     They  need    verification   and  revision.     The 

1  Hub'tY'il  MfS&ngtr,  vol.  ix.  |i.  47. 

-  ./«r..  .Vr,-A.  No.  jyiS  ;  Aatr.  and  Jttrophtttv*.  toI.  xiii.  |t  178. 

'  Ibid,  p.  043. 
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variable  is,  moreover,  the  leading  member  of  a  triple  combina- 
tion, enrolled  by  Strove  as"  2  950."  With  a  green  companion 
ut  28",  and  a  bluish  one  at  166",  it  makes  an  exquisite 
telescopic  object,  but  gives  no  sign  of  orbital  motion.  I: 
occupies  a  dominating  position  in  a  collection  of  fifty  or  sixty 
stars,  ranging  from  the  eighth  to  the  thirteenth  magnitude, 
one  of  which  is  subject  to  fits  and  starts  of  extensive 
variation.1  By  virtue  then  of  its  chiefsbip  of  a  cluster,  15 
Monocerotis  is  registered  among  nebubc  as  N.G.C.  2264.  Nor 
solely  on  this  account.  Both  Sir  John  Herschel  and  Lord  Boat* 
suspected  it  to  be  nebulous,  and  Bruno  Peter,  who  measured 
forty-five  components  of  the  group  at  Leipzig  in  1879-32/ 
found  their  leader  visibly  wrapt  in  a  hazy  envelope.  But  the 
wide  extent  of  its  nebulous  connections  was  entirely  a  photo- 
graphic revelation.  A  picture  of  the  region  about  15  Mono- 
ceiotis,  taken  by  Professor  Barnard  on  1st  February  1894/ 
showed  it  to  be  involved  in  a  great  nebula  some  three  degrees 
in  diameter.  "  It  clusters  densely,"  he  says, "  about  the  groups 
of  stars,  and  then  spreads  out  in  a  weak,  diffuse  light,  with 
rifts  in  it,  and  irregularly  terminated  along  the  edges  of  a  rast 
vacancy  in  the  Milky  Way.  The  condensation,  which  is 
very  strong,  is  not  at  15  Monocerotis,  but  twelve  minutes 
south -preceding  that  star,  where  it  becomes  a  compact  ntaos 
witli  numerous  wisps  and  holes  in  it."  The  absence  of  nebulous 
concentration  about  the  individual  stars  struck  him  forcibly. 
especially  by  contrast  with  the  different  state  of  things  in  the 
Pleiades.1  The  nebulosity  is  free  and  general ;  no  single 
member  of  the  stellar  assemblage  appropriates  a  special  shore, 
or  carves  from  it  an  appendage  of  its  own.  Yet  it  is  difficult 
to  doubt  that  the  apparent  association  is  real  and  physical 

The  Wolf-Rayet  spectrum  is,  broadly  speaking,  reversed 
in  that  of  15  Monocerotis.  It  includes  both  the  hydrogen 
series  and  the  upper  "  blue "  band ;  metallic  lines  scarcely 
appear,  but  those  of  oxygen,  nitrogen,  and  silicon  are  unlikely 
to  be  absent.  About  the  peculiarities  of  the  lees  refrangible 
section  nothing  is  yet  known.      Here,  perhaps,  symptoms  of 


1  Gum,  ftiivwlcdpe,  rot  xxii.  \>.  201. 
1  AbhandL  iter  bhL  Steks.  Ou.  IW.  it.  Th.  1.  lssfc 
'  Knprodixad  in  KntneiMyi,  to!,  xh    t> 
*  Attr.  owl  A*rvfhy*it*,  *ol.  xiii.  \u  UX 
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emission  will  be  found;  indeed,  a  tagtt  0  aright  be  looked 

for  with  success  not  only  in  15   Monocerotia,  hut  in  some  one 
or  two  of  its  principal  associates. 

An  eighth- magnitude  utar  in  Auriga  was  noticed  by 
Auwere  about  1860  to  Lc  projected  on  a  hazy  disc  (N.G.C. 
2175).  The  object  is  placed  centrally  in  a  group  of  smaller 
stars,  enveloped  in  nebulosity  strongly  manifested  in  lWes*.r 
Barnard's  photographs  of  1894.1  The  combination  is  quit** 
similar  to  that  just  described  in  Monoceroa  The  spectrum  of 
N.G.C.  2175  wa-*  examined  by  Professor  Keeler  with  an 
indecisive  upshot. 

Sir  John  Herschcl  observed  at  the  Cape  "  a  very  remark- 
able object"  in  tin-  Milky  Way,  where  it  crosses  the  tail  of 
Scorpio.  It  showed  to  him  under  the  guise  of  "  a  decided* 
tolerably  defined,  semi-nebulous  mass,  with  abundance  of  very 
small  stars  forming  altogether  a  telescopic  Magellanic  cloud. 
It  fills  about  a  field,  and  has  brandies  and  sinuses."  3  This 
miniature  Nubecula  (N.G.C.  6437)  invites  photographic 
delineation.  I*>ng  expoeurea  may  disclose  in  it  constructive 
particulars  of  extras  interest 

Nebulous  clusters  are  connected,  by  insensible  gradations, 
with  certain  tracts  of  nebulosity  in  the  Milky  Way,  which, 
since  they  are  situated  in,  or  in  the  line  of  sight  with  a  stellar 
stratum,  necessarily  appear  more  or  less  densely  star-strewn. 
The  stars  strewing  them  do  not,  however,  collect  into  groups 
capable  of  iudividualisatiou  ;  hence  they  cannot  be  termed 
"  nebulous  clusters."  These  suggest  some  kind  of  organisa- 
tion ;  they  are  more  or  less  isolated  and  coherent  entities, 
and  are  distinguishable  as  such  from  layers  and  beds  of  stars, 
however  closely  packed.  Not  that  a  clear  line  separates  the 
two  kinds  of  formation  ;  the  multiplicity  of  the  heavens  is 
too  great  for  this  to  be  possible ;  but  it  is  well  to  maintain 
differences  ideally,  even  though  they  be  blurred,  here  and  there 
in  tin.-  concrete,  beyond  our  perplexed  powers  of  recognition. 
Nebulous  cluster*,  on  the  other  hand,  shade  off,  as  their 
members  become  fewer,  into  nebulous  groups  such  as  the  Orion 
Trapezium,  and  reduce,  "  in  the  limit,"  to  simple  nebulous 
stars.     These  will  be  the  subject  of  a  future  chapter. 

1   Asfr.  ntui  Attrophysict,  vol.  xiii.  pp.  180,  18*2. 
-   /  „'.;   I.itk  til.*rrmt»ry,  vol.  iii.  p.  20a.  *  Cape  Reiuiu,  p.  116. 


CHAPTER    XXX. 

GLOBULAR   CLUSTERS. 

Theiie  is  no  possibility  of  failing  to  recognise  in  a  globular 
cluster  a  true  agglomeration — a  structure  teres  uf  ndu$. 

The  systemic  unity  of  such  objects  is  as  evident  as  that  of 
a  "  globe  of  dew,"  though  it  is  by  no  means  certain  that  they 
are  not,  like  that  "  frail  and  fading  sphere,"  in  course  of  more  or 
less  speedy  evaporation.  A  gradual  process  of  ejection  is  at 
least  suggested  by  their  streaming  edges  and  filatnentou* 
appendages,  formed  of  branching  rows  of  stars,  apparently  on 
the  move  outward.  One  hundred  and  ten  globular  clusters 
were  registered  by  Sir  John  Herschel  in  1864  in  hia  "General 
Catalogue  "  of  nebula?,  and  not  many  have  since  been  identified 
They  arc  astonishing  constructions.  Their  silvery  radiance  is 
a  delight  to  the  eye  ;  the  imagination  is  allured  by  their 
visionary  beauty  ;  reason  is  startled  by  the  recondite  nature 
of  the  problems  they  intimate.  What,  we  cannot  but  ask 
ourselves,  is  the  true  nature  of  these  mysterious  ■  balls  of 
stars"?1  Are  the  luminous  particles  composing  them  tuns 
in  the  proper  sense  ?  What  are  their  mutual  relations  1 
How  did  they  originate  ?  In  what  are  they  to  eventuate  t 
Can  mechanical  stability  l>e  claimed  for  them,  or  must  ihsj 
be  supposed  to  form  temporary  societies  undermined  by  forces 
tending  towards  dissolution  ?  On  all  these  points  definite 
information  is  still  lacking ;  but  there  is  no  reason  to  «1«fptir 
of  its  future  provision,  since  the  inclusion  of  globulsi  clusMfs 
within  the  scope  of  organised  research  is  of  quite  recent  date, 
and  knowledge  respecting  them  is  accordingly  in  a  nascent 
stage. 

1  Se«  A'noutfaipt,  rol.  lit  p.  27D. 
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It  may,  however,  safely  be  affirmed  that  their  components 
are  sun-like  bodies  —  that  they  are  spherical  masse*  at  an 
enormously  high  teuii>erature,  radiating  into  apace  by  mean* 
of  suitably  adapted  photospheric  apparatus.  Some  are 
intensely  actinic.  They  are  much  brighter  chemically  than 
visually.  They  hence  presumably  emit  Hght  mainly  of  the 
shorter  wave-lengths,  and  are  abnormally  hot  bodies.  Bui 
the  secret  of  their  nature  cannot  be  divined  in  our  present 
ignorance  of  their  spectroscopic  peculiarities,  and  those  of  the 
individual  star-points  in  clusters  will  long  remain  inaccessible. 
Their  combined  light,  nevertheless,  where  il  is  concentrated  into 
a  "  blaze  n  at  the  core,  is  capable  of  being  effectually  analysed 
with  powerful  instruments,  and  the  determination  of  its  quality 
is  a  sine  qud  «on  for  progress  in  this  branch.  Until  this 
has  been  effected,  there  is  no  possibility  of  assigning  to 
globular  clusters  their  proj^r  plaee  in  the  celestial  hierarrhy 

The  great  southern  agglomerations,  to  Centaur i  and  47 
Toucani,  seem  almost  untouched  by  the  wear  and  tear  of 
time.  They  show  few  signs  of  dilapidation.  No  dusky  rifts, 
no  glades  or  clearing  mv  \* v <■[ -tible  in  them  ;  the  subtraction 
of  material  (if  it  tie  going  on)  has  made  little  prognjs*  ;  they 
are  as  yet  well  compacted  to  the  centre.  Nor  is  a  flow  of 
stare  outward  hinted  at  unless  obscurely.  They  are  cleantr 
at  the  edges  than  most  objects  of  their  class ;  tentacular 
ap]>cndages  are  wanting  ;  their  components  are  not  visibly  in 
inarching  order.  This  may  mean  that  they  have  but  newly 
arrived  at  their  present  state  of  being,  and  if  so,  their  spectra 
should  be  of  an  early  type.  To  the  component  stars,  accord- 
ingly, a  very  low  mean  density  may  probably  be  attributed  ; 
their  attractive  power  will  prove  small  relatively  to  their 
light;  the  corresponding  interstitial  movements  must  be  slow, 
and  will  l>e  difficult  of  detection. 

Just  within  the  northern  border  of  the  Milky  Way  o> 
Ceutaiiri  is  visible  to  the  naked  eye  as  a  hazy  star  of  the 
fourth  magnitude.1  Telescopically  it  presents  a  grand  aspect. 
Nothing  more  strikingly  effective  can  be  imagined  than  the 
transformation,  by  optical  means,  of  a  blurred  light-spot  into  a 
^litteriu^  and  multitudinous  assemblage  of  separate  suns. 
Nearly  G400  can  be  distinguished  on  sensitive  plates,  besides 

1  lUiley,  Aitr.  atui  Attrojthyrics,  voL  xii.  p.  1589. 
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a  crowd  of  others  no  small  us  to  merge  together  Into  a  groy 
mottling.  No  true  nebulosity  Beems  to  be  present.  The 
photograph  from  which  the  counts  were  made  by  Professor 
and  Mrs.  Bailey  is  reproduced  in  Fig.  47.  It  wm  taken  at 
Arequipa  19th  May  1893  with  an  exposure  of  two  hours  in 
the  thirteen-inch  lioyden  refractor.  The  area  marked  out  for 
investigation  covered  900  *juare  minutes.  It  was  "  fairly 
well  filled  "  with  sfcira,  and  their  statistical  study  defined  the 
fact  of  their  true  contra]  crowding.1  They  condense  not 
merely  in  appearance,  through  the  augmenting  depth  of 
spherical  space  in  which  they  arc  distributed,  but  also  at  a 
consequence  of  actual  compression  inward.  The  number  of 
stars  per  square  minute  was  found,  in  fact,  to  increase  in 
arithmetical  progression  with  approach  t«  the  centre,  Awny 
froni  it  the  diminution  ceased,  a  constant  figure  being 
reached  along  a  line  taken  to  be  the  boundary  of  the  cluster ; 
and  this  constant,  since  it  must  represent  the  area]  population 
of  the  general  sky,  supplied  a  means  of  correcting  the 
apparent  results  for  that  of  the  cluster.  Deduction  was 
accordingly  made  of  1616  unconnected  stars,  mere  visual 
intruders  from  a  limitless  background;  and  there  remained 
5050  true  components,  collected  within  a  circular  space  some- 
what larger  than  that  occupied  by  the  full  moon.  They  average 
about  125  magnitude. 

The  south  polar  cluster,  47  Toucani,  is  of  equal  loveliness 
with  a)  Centauri,  although  on  a  smaller  scale.  Its  "computed 
diameter"  is  22' * — that  is  to  say,  the  extra  stars  which  it 
projects  upon  the  sphere  die  out  completely  at  a  distance  of 
11'  from  its  centre.  They  number  about  2300,  and  are 
distributed  in  accordance  with  the  same  law  noted  as  pre- 
valent in  the  companion  cluster.  They  are,  however,  even 
mow  densely  aggregated;  the  realm  is  less  spacious  than  a> 
Centauri  proportionately  to  the  throng  of  its  inhabitants. 

The  great  cluster  in  Hercules  (M  13)  presents  a  less 
uniform  texture  than  its  prototypes  in  the  southern  sky.  Yet 
its  constituent  orbs  follow  virtually  the  same  gradient  of 
central  compression.8  Their  distribution  is  affected  besides 
by    influences  of  an  unimaginable  kind.     Three  "  dark  lanes," 

1    Pickering.  If'trranl  Amtrds,  vol.  xxri.  p.  218. 
-  Ihul.  p.  221.  *  Ibid.  p.  220. 
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making  an  equiangular  junction  at  a  point  south-east  ol  1 1 
centre,  were  detected  with  the  Rosse  reflector  in  1S50.1  An 
identical  form  of  marking  tends  to  recur  in  other  parte  of  the 
cluster.  On  the  Lick  photographs  of  1890-91,  Professor 
Holden  was  able  to  trace  no  leaa  than  thirteen  repetitions  of 
it.-'  This  insistence,  he  remarked  in  a  local  paper,  mode  it 
evident  "  that  a  definite  law  was  acting  to  produce  this  form, 
and  that  this  law  might  be  truly  taken  as  representative  for 
this  cluster.  In  some  way  there  are  dark  lanes  produced  and 
maintained  among  the  hundreds  of  bright  stars  in 
globular  mass,  and  there  are  many  such  channels.  How  can 
we  conceive  of  such  a  system  ?  It  ia  tolerably  clear  that 
either  the  dark  lanes  are  absolutely  empty  of  mutter,  or  at 
least  that  they  are  empty  of  luminous  matter."  Yet  neither 
of  these  alternatives  seems  to  be  in  accord  with  fact. 

A  plate  exposed  during  ten  minutes  with  the  Croaaley 
reflector  by  Professor  Keeler  showed  all  the  brighter  stars  in 
M  13.3  Two  hours  were,  however,  needed  to  bring  the  awaraa 
of  their  faint  associates  into  view.  In  all,  more  than  5400 
stars,  fairly  within  the  precincts  of  the  cluster,  were  counted 
on  a  negative  token  13th  July  1899.  A  study  of  their 
distribution,  made  by  Mr.  Palmer,  Professor  Keeler's  assistant, 
elicited  some  noteworthy  peculiarities.4  The  components 
separated,  speaking  broadly,  into  two  distinct  orders  of  bright- 
ness, those  of  intermediate  magnitudes  being  comparatively 
scarce.  Out  of  the  total  number  of  5482  counted  on  thr 
plate,  1016  were  classed  as  bright,  4466  as  faint,  or  below 
13*5  magnitude.  Now  the  mode  of  scattering  of  these  two 
orders  appeared  sensibly  different.  That  of  the  larger  stars  M 
radial — they  extend  outward  in  curved  rows;  that  of  their 
minute  companions  is  more  nearly  globular.  Mnni.wr, 
characteristic  dusky  tracks  are  vacant  only  as  regards  the 
former  class  of  objects.  They  are  lightly  strewn  with  the 
diffusive  star  powder  found  everywhere  in  the  cluster.  To  its 
presence  Mr.  Palmer  attributes  the  effects  of  nebulosity  noticed 
in  earlier  photographs.  It  requires  a  very  )t 
power  to  distinguish  the  stellar  haze  created  by  flocks  and 

1  PM  Trant.  vol.  eli.  p.  73Z 

1  Muhl.  Pacific  Society,  vol.  Hi  p.  37.'.. 

•  Ibid.  No.  70,  p.  201.  •   A*r,ji>h.  Jour*,  vol.  ».  $*  «*«. 
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throngs  of  sixteenth-magnitude  stars  from  genuine  ■  tluid 
haze";  but  in  this  case  there  aeerna  little  doubt  that  the  feat 
was  performed.  Confirmatory  evidence  of  the  bent  kind  was 
afforded  by  Professor  Barnaul's  direct  olwervatiuns  with 
the  forty-inch  Yerkes  refractor.  They  convinced  him  that 
globular  clusters  are  non-nebulous  formations.1  Si-ectn»- 
graphic  imp  regions  will  probably  before  long  add  their 
testimony,  at  leant  in  a  negative  sense. 

With  the  thirteen-inch  phut* graphic  refractor  of  the 
Potsdam  Observatory.  Ur.  Schemer  gleamed,  [»th  September 
1891,  the  fir»t  plate  of  M  13  on  which  the  star*  were 
sufficiently  dunned  for  exact  measurement.*  He  accordingly 
prepared  a  CfttalogW  by  winch  the  places  of  833  were  fixed 
with  the  utmost  accuracy ;  and  these  fundamental  stars, 
henceforward  kept  under  watch  and  ward,  will  perhaps  one 
day  disclose  the  plan  of  their  mo\.t,..n:  and  thus  en.tl  .!■■ 
future  astronomers  to  attack,  with  some  possibility  of  success, 
one  of  the  most  arduous  problems  in  celestial  dvu.imicH.  It 
confronts  them,  under  a  still  more  bewildering  form,  in  a 
superb  cluster  in  Scorpio  (M  62  =  N.U.C.  6266>  Here  a 
second  focus  of  condensation  is  obvious;  two  star-globes  are 
fused  into  one.8  Th«*  contorted  growth  of  u  twin  cherry  may 
help  us  to  realise,  however  imperfectly,  the  attendant  indefinite 
complexity  of  the  conflicting  forces. 

A  compressed  cluster  in  Serpens  (M  5  =  N.G.C.  5904), 
discovered  by  Kirch  in  1702,  presents  telescopicaliy  the 
appliance  of  a  softly  radiant  globe  with  divergent  outliers. 
A  photograph  taken  by  Dr.  Roberts  25th  April  1892,  indicated 
a  nebulous  interior;  but  uo  such  effect  came  out  on 
negatives  exposed  with  Dr.  Common's  five-foot  reflector,  nor 
was  it  |>erceptible  visually  to  Professor  Barnard.  It  was  due, 
presumably,  to  an  amalgam  of  faint  stars  forming  a  kind  of 
matrix  for  those  bright  enough  to  be  individualised.  The 
discovery  of  their  variability  was  begun  by  Mr.  Packer  in 
1800. 4      He    remarked    the    fluctuations   of   two    components, 

.Isfrtifth.  J'titru.  rol.  xii.  p.  181. 
•  Alh'iwH.  'Ur  Aon.  Preuu.  AM.  1892,  Anhug. 
-  .1.  II.-m-M,  f-t/t  rtstnlta,  pp.  2S,  113,  PUte  »i.  Fig.  14. 
'  Kmjt.  Mt-hanu-,  vol.  li.  p.  378  ;   SideraU  Mtuenyer,  vol*,  ix.  p.  380  ;   x. 
p.  I»7. 
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ami  Dr.  Common  suspected  many  more  to  share  the  same 
character.1  This  premonition  was  followed  up,  though 
until  after  five  years,  by  Pro  feasor  Bailey's  announcement1  that 
many  globular  clusters — say  one  in  five — are  veritable  neate 
of  variables.  Their  abundance  is  such  that  as  many  a*  a 
hundred — in  Professor  Barnard  b  words — "  have  been  found  in 
a  space  in  the  sky  that  would  be  covered  by  a  pin's-hea*l  held 
at  the  distance  of  distinct  vision/*3  Of  3000  component*  of 
o>  Centauri  examined  within  a  radius  of  22',  128  were  found 
to  fluctuate  to  the  extent  of  half  a  magnitude  or  more.1  lu 
one  case  a  range  of  five  magnitudes  was  observed ;  but  that 
of  most  of  the  objects  investigated  was  limited  to  one  ami  » 
half,  or  two  magnitudes.  Very  short  periods  are  the  rule. 
three  are  of  less  than  seven  hours ;  yet  one  is  prntrarUni 
to  475  days,  and  there  will  be  a  special  interest  in  determining 
the  nature  of  the  light-change  comprised  in  so  long  a  cycle 
A  true  "  Miii  variable  "  would  seem  an  anomaly  in  a  cluster 
made  up  of  silvery  white  stars ;  since  we  are  taught  bj 
experience  to  associate  periods  of  many  months  with  strong 
absorption  and  consequent  redness  of  colour.  But  l-I 
variubles  belong,  for  the  most  part,  to  a  type  apart 
character  of  which  has  l>een  described  in  an  earlier  chapter 
They  have  long  minima,  and  brief  maxima  attained  witn 
extraordinary  rapidity.  The  activity  of  their  change*,  when 
they  set  in,  contrasts  singularly  with  the  completeness  of  thwr 
suspension  during  the  intervals  of  rest.  There  is  an  entire 
absence  of  concert  among  the  affected  start*.  Each  is  an 
independent,  self- regulated  phenomenon.  No  more  enriow 
spectacle  is  afforded  by  the  heavens  than  that  of  a  throng  of 
seeming  signal-lights  waxing  and  waning  every  few  hour* 
under  the  sway,  obviously,  of  some  common  law,  yet  with  no 
trace  of  unanimity;  some  fading  while  their  neighbours  an- 
on the  rise,  others  stationary  uud  semi  extinct,  though  only 
biding  their  time  to  enter  upon  a  phase  of  renewed  brilliancy  . 
and  none  deviating  by  a  tinir 'a -breadth  from  the  comae  of 
change  individually  prescribed  for  it. 

'  ManiAlj/  Noli***,  vol.  1.  p.  617.. 

1   Attroyh.  Jovrn.  vol.  ij.  p.  '.V21  •    ffnmint  Jn*<i/.,  ».»1     |  .  iVfiLa 
coropUto  diaouwioa  of  tbo«*  witMw  by  B*iley. 

1  Addrtn  oh  Aeirvnotnitnl  PfwU^ro/ifij/,  p.  26  ;   A'dwWj*.  ve4.  sxL  p.  t* 
(Clerk  '  /Urvani  t\rcuUr,  ft*  «. 
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GLOBULAR  CLUSTl 

Eighty-five  variable  stars  have  up  to  the  present  been 
recognised  in  Metier  6,  and  they  agree,  for  the  most  part. 
quite  closely  in  &  in<>tie  <>1  fluctuation  <-l  m-idaled  hy  ProfosOT 
Bailey's  persevering  inquiries.'  The  form  of  their  typical 
light-curve  is  not  different  from  that  assignable  to  the  com- 
ponents of  «  Centauri ;  but  they  teud  unmistakably  to  obey  a 
common  period  of  approximately  twelve  hour*,  and  the  oscilla- 
tions of  nearly  all  are  between  the  fourteenth  and  the  fifteenth 
magnitudes.1  Yet  they  are  not  executed  simultaneously ;  a 
oongruity  of  epochs  i.s  Dot  UK  distantly  indicated.  Professor 
Barnard  took  visual  charge  in  1898  of  some  half  a  dozen  of 
these  strange  object***  and  bis  list  included  Packer's  original 
variables,  Noe,  42  and  84  of  the  Harvard  enumeration,  star* 
exceptional  in  the  jrrvat  assemblage  of  which  they  form  part, 
both  as  to  the  length  of  their  |wrii*in  and  the  manner  of  their 
change.  This  copies  the  pattern  set  by  £  Cephei .  it  proceeds 
continuously,  although  not  symmetrically,  along  a  curve  steep 
in  its  upward  branch,  sloping  gradually  downward,  and 
interrupted  by  a  "  hump, "  significant  of  an  abortive  second 
maximum.4  Its  time-measure  is  aliout  twenty -six  days 
Professor  Barnard  vh  struck  with  a  Dumber  of  ink-black  holes 
rending  the  brilliant  surface  of  the  star-globe  in  Serpens. 
They  are  closely  adjacent  to  the  dense  central  portion,  and 
suggest  tunnelling  operations  on  the  scale  of  those  progressing 
in  the  great  Hercules  cluster. 

A  cluster  in  Canes  Venatici  (M  3  =  N.G.C.  5272)  is 
similarly  perforated  Lord  Roese  observed  "  several  small  dark 
holes "  at  itn  core,  from  which  "  rays  run  out  on  every 
side."r'  A  "  bifurcated  dark  lane"  was,  moreover,  perceived  in 
the  northern  segment  of  the  nuclear  "  blaze"  From  which 
we  can  gather  that  the  distribution  of  stars  in  M  3  is 
eoutrolled  by  forces  of  the  same  nature  as  those  ruling  in 
11  13.  Vet  the  two  clusters  are  markedly  differentiated  as 
regards  light-stability.  That  in  Canes  is  already  known  U> 
contain  132  variables;  while  in  the  Hercules  group  diligent 

1    Attroph.  Jourti.   vol.  x.  p.  255. 

:  KM.  Pacific  Society,  No.  70,  p.  210. 

■   Attr.  Xaeh.  No.  3519. 

*  Parkbunt,  AMr.  Jour*.  No.  482. 

Trans.  Royal  I'^bixn  Socuiy,  vuL  it  p.  132. 
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inquiry  has  failed  to  certify  the  presence  of  more  than  two, 
its  components  actually  shining  much  more  steadily  than 
!.hc  .urj.LV  "!'  I- dt'  stellar  multitude  outside  its  Limita. 
Eighteen  hundred  stare  were  counted  by  M.  Orbinsky  from 
photographs  of  M  3  taken  at  Pulkowa  in  1894,1 
measurement  of  their  places  will  in  the  future  supply  a  teat 
of  their  relative  mobility. 

A  starry  sphere  in  Pegasus  (M  15  ^  N.G.C  7078) 
seemed  nebulous  in  Dr.  Roberts's  photographs;9  but  they  were 
perhaps  clouded  by  stellar  dust,  not  by  true  cosmical  lag. 
Of  900  members  of  this  collection  examined  at  Harvard 
College,  51  proved  variable.  The  proportion  in  Ihle's  great 
cluster  in  Sagittarius  (M  22  =  N.G.C.  4424)  is  much 
smaller — 16  to  1550;  and  only  10  among  600  stars  tested 
for  stability  in  M  2  gave  responsive  signs  of  fluctuation. 
This  cluster,  which  is  situated  in  Aquarius,  might  bo  the 
twin  of  that  in  Hercules  plunged  in  a  deeper  depth  of  spaea* 
The  clusters  co  Centauri  and  47  Toucani,  so  much  alike  in 
other  respects,  deviate  widely  in  the  matter  of  variability 
Periodical  stars  by  the  score  occur,  as  we  have  seen,  in  the 
former  stately  assemblage ;  in  the  latter,  only  six  have 
beeu  registered,  notwithstanding  the  most  careful  scrutiny. 
Whence  the  diversity  ?  Professor  Pickering  *  surmises  that  it 
depends  upon  the  relation  of  a  common  plane  of  revolution  la 
the  line  of  sight.  Each  globular  cluster  would  be,  on  this 
view,  a  system,  the  movements  of  which,  whether  axial  or 
orbital,  are  conducted  on  the  same  level.  And  should  this 
Wei  happen  to  coincide  with  the  visual  ray,  variability  would 
result,  either  through  the  rotation  of  such  components  as 
possessed  unequally  luminous  surfaces,  or  as  a  consequence  of 
the  eclipses  of  those  provided  with  closely  revolving  satellites 
Yet  neither  rationale  of  light-change  can,  without  grave  out- 
givings, be  admitted.  Suns  with  dusky  hemispheres,  or 
permanently  spotted,  may  be  treated  as  mathematical  Bctioa* 
Nor  is  any  evidence  as  yet  forthcoming  that  genuine  eclipss- 
stars  ever  find  a  habitat  in  clusters.     Certainly  none  of  the 


1  B6Iopo1iky,  A*r.  Sneh.   No.  3333. 

1  CtlutUU  Photograph*,  vol.  I.  p.  119. 

1  Stcchi,  Jtti  iletr  Joemd,  /W.  t.  riL  |*.  VJ,  1843. 

*  lUrwd  OircuUr,  No.  S3. 
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cluster-variables  so  far  investigated  can  be  aocounU*i  such.1 
That  they  are  rapid  bin  -n  may  be  plausibly  surmised,  but 
they  must  be  of  the  non-occulting  sort.  In  aolii 
stars  the  maximum  is  essentially  \* tumik  m. ;  the  minimum 
is  accidental  In  cluster  variables  opposite  MOdftkfll  prevail 
Habitually  obscure,  they  brighten  incidentally. 

Professor  Bailey's  discovery  throws  open  a  Kpwious  Held 
of  research.  Each  variable  cluster  might  well  claim  a  sentinel 
appointed  for  the  exclusive  following  of  the  complex,  elusive,  and 
rapid  changes  which  ceaavlessly  develop  within  its  e-ompnsa  In 
December  1901,  509  component*  of  star-globes  were  reckoned 
as  periodical  Every  one  of  these  is  pwrhips  a  system  apart . 
every  one  has  its  peculiarities,  the  inner  meaning  of  which 
can  only  be  drawn  out  m  .-mntaiucd  attention.  IWnl'ul 
instruments  are,  moreover,  required.  The  objects  in  question 
lie  near  the  limit  of  practicable  oh  work  upon  them 

taxes  modern  resources  to  the  utmost.  Nor  cau  the  photo- 
graphic  method  alone  be  relied  on.  Long  exposures  are  needed 
to  show  the  stars  at  all,  ad  they  can  uatumlly  give  no  more 
than  the  "  mean  magnitude  "  during  the  intervals  they  cover. 
But  when  these  intervals  bear  l  large  proportion  to  the  entire 
period  of  change,  such  coarse-grained  data  cannot  satisfactorily 
represent  the  manner  of  its  progress.  The  resulting  light- 
curve,  as  Professor  Bailey  says,2  is  always  smoothed  down ;  and 
it  is  smoothed  to  the  limit  of  a  straight  line,  in  the  ultimate 
case  of  the  exposure  equalling  the  period  of  a  star's  variation. 
Hence  the  absolute  necessity  for  supplementary  visual  deter- 
minations to  till  out  the  peaks  and  corners  rounded  off  by  the 
camera.  At  the  critical  epoch,  when  the  flash  is  being  turned 
on,  every  minute  counts.  Estimates  of  brightness  at  the  rate 
of  ten  or  twelve  an  hour  are  not  too  numerous  for  the  purpose 
of  keeping  guard  over  the  swift  alterations  going  forward. 
The  hourly  or  two-hourly  averages  given  on  sensitive  plates 
are  wholly  inadequate. 

Two  questions  of  fundamental  interest  present  themselves 
in  connection  with  the  variiibility  of  clusters.  Why,  we  must 
ask.  .ire  the  stars  in  one  globular  assemblage  luminously  un- 
stable, while  in  others,  its  strict  analogues,  they  shine  quite 

1   Harvard  Annali,  vol.  xixriii.  p.  284. 
*  Astropk.  Joum.  ToL  x.  p.  283. 
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steadily  ?  Tho  contrast  is  not  explained  by  any  visible  (UAlt- 
ence  of  constitution.  Variability  doeB  not  appear  to  coi 
at  any  particular  stage  of  growth  ;  it  is  not  associated  with  i 
definite  situation  in  the  heavens ;  it  does  not  chanuUrw 
pierced  and  outworn  globes  preferentially  to  compact  ones,  01 
vicevcrsd;  it  can,  in  short.  1)6  correlated  with  no  feature  obvion* 
to  direct  notice  It  remains  to  be  seen  whether  any  spectro- 
scopic peculiarity  corresponds  to  it. 

Again,  the  absence  from,  or  extreme  scarcity  of  Algol- 
in  clusters  occasions  perplexity.  We  are  led  to  hell 
that  rapid  variables  are,  in  truth,  binaries  nAohing  is 
the  light  -  period.  Hut  if  so,  the  orbital  planes  of  a 
certain  proportion  of  them  ought  to  pass  through  the  earth. 
with  the  outcome  of  affording  us  the  spectacle  of  so  many 
occulting  pairs.  If  these  do  not  exist,  we  shall  be  forced  to 
conclude  that  cluster-variables  owe  their  pttnotaality  to  soar 
other  cause  than  the  strict  time-keeping  of  satellites. 

One  of  the  most  signal  services  rendered  by  photography 
to  astronomy  has  been  in  the  facilities  supplied  by  it  for 
the  measurement  of  star -clusters.  The  relative  positions, 
especially  of  the  components  of  compressed  groups.  < 
with  extreme  difficulty  be  established  by  direct  triangu  latinos; 
while  every  negative  taken  of  them  fixes  their  configuration 
at  a  given  epoch,  and  gives  the  means  of  determining  it* 
changes,  should  they  occur.  Thus  the  places  of  sixty-two 
stars  in  M  5,  catalogued  at  Harvard  College  in  1897,  ww 
estimated  by  Professor  Pickering  to  be  of  so  high  a  degree 
of  accuracy  that  annual  displacements  amounting  to  oon- 
huinlredth  part  of  a  second  of  arc  can  be  detected  by  than* 
comparison  with  results  similarly  obtained  from  plates  takes 
a  few  years  hence.1  The  foundations  have  then  been  laid  for 
an  extensive  superstructure  of  knowledge,  as  regards  both  thr 
physical  and  the  dynamical  condition  of  -lobular  <  lusters;  ysi 
centuries  may  elapse  before  it  becomes  possible — in  Kepler's 
phrase — to  ■  think  over  again,"  with  apprshenaive  minds,  those 
wonderful  *'  thoughts  of  God." 

1   J/artniM  JniuiU,  vol    \x»i    p    |ftj 


CHAPTER    EOT 

W1UTR    KEBUL.*. 

"  White  nebula  "-  «.>  r;illt:d  by  Professor  Young1 — are  thaw 
giving  continuous  fcpectra.  They  are  in  an  immense  majority. 
They  are  reckoned  by  thousand*,  or  tons  or  thousands,  gaseous 
nebula;  by  the  scor*.  True,  very  little  progres-.  has  Ummi  made 
with  their  actual  spectroscopic  examination,  the  faintnoH*  of 
their  rays  forming,  in  general,  an  insui>erable  nhstai'la  to  tbeir 
analysis ;  but  their  shape  and  aspect  supply  indications,  rarely 
misleading,  as  to  tin-  iinality  of  their  light.  11ml  of  elliptical 
and  spiral  nebulae  is,  to  the  best  of  our  knowledge,  always 
continuous;  and  with  these  may  be  classed  the  round,  centrally- 
condensed  objects  which  abound  in  every  nebular  region  of  the 
sky.  Several  other  varieties  of  this  great  sidereal  family  might 
be  indicated,  but  they  are  by  comparison  scantily  represented, 
and  have  l>een  but  little  investigated.  The  paragon  of  white 
nebula*  is  the  grand  ellipse  in  Andromeda.  No  other  is 
visible  to  the  naked  eye;  it  should  he,  judging  by  appearances, 
ruui  h  the  nearest  to  the  earth  of  the  whole  tribe ;  its  structure 
is  splendidly  definite,  and  profoundly  significant ;  its  spectrum 
shows  peculiarities  challenging  inquiries  which  must  be  long- 
continued  and  arduous,  but  promise  results  of  far-reaching 
importance.  In  January  1809  Dr.  Schemer,'  employing  a 
«mall  spectrograph  in  combination  with  a  mirror  of  nearly 
thirteen  inches  aperture,  and  only  forty  inches  focus — an 
apparatus  specially  adapted  for  dealing  to  advantage  with 
objects  uf  extended  surface — obtained  in  seven  hours  a  legible 

1  'lenrrtU  A$trvnomy,  section  891. 
A  Mr    AVrM.  3M9  ;  Jatrvpk.  Jonrn.  voL  U.  \>-  149. 
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spectrograph  of  the  nebula.  The  indications  gathered  from 
were  of  a  most  surprising  kind.  Dark  rays  were  perceived  to 
interrupt  the  continuous  light,  and  they  seemed  to  agree  with 
the  FniuulmfiT  lines  in  the  solar  spectrum.  The  Andromeda 
nebula  was  accordingly  inferred  to  be  a  genuine  cluster  of 
solar  stars ;  but  this  conclusion  is  very  far  from  being 
securely  established.  No  bright  lines  could  be  made  out  in 
the  Potsdam  photograph,  but  many  have  been  seen  at  Tulse 
Hill.1  On  13th  November  and  11th  December  1897,  wh« 
they  were  particularly  distinct,  approximate  wave-lengths  were 
assigned  to  six  or  seven,  all  of  which  fall  near  lines  in  the 
Wolf-Kayet  stars.  The  reality  of  the  coincidences  cwnnot 
at  present  l>e  pronounced  upon ;  they  are  hinted  at  rather 
than  asserted;  but  their  verification  would  enforce  an  m 
recasting  of  ideaa  as  to  the  nature  of  white  nebula-. 

A  photograph  of  the  Andromeda  ellipse,  token  by  Dr. 
Roberts  10th  October  1887, set  the  example,  since  extensn.  !t 
followed,  of  resolving  into  spirals,  with  the  help  of  the  camera, 
nil  sorts  and  conditions  of  nebula?.  It  was.  indeed,  a  memor- 
able picture.  The  vast  structure  is  shown  in  it  and  it* 
successors s  to  be  furrowed  through  and  through  by  dark 
channels,  or  rather  by  a  single  continuous  channel,  winding 
in  symmetrical  convolutions  in  a  left-handed  direction  from 
the  compact  nucleus  outward  to  the  dim,  indefinite  maryin. 
Thus  the  nebula  is  not  simply  a  concatenation  of  Hat  rings 
separated  by  vacant  intervals;  if  it  were,  the  problem  of  it* 
construction  would  be  less  difficult ;  since  the  annular  gaps 
might  represent  spaces  cleared  of  their  contents  by  exception- 
ally acute  gravitational  disturbance,  while  the  ejection  of 
matter  along  a  spiral  track  belongs  to  a  totally  different 
order  of  phenomena,  and  implies  the  ojteration  of  laws  scarcely 
yet  brought  within  our  ken. 

The  Andromeda  nebula  is  presumably  a  round  disc  viewed 
obliquely,       If    so,    the     angle    of   its    inclination    is    n 
25°.*     Itemarkably  enough,  the  nucleus   does  not   share   the 
elongation  of  the  Burroumlin^  spin-*,  as  ii  r-hould   if  it  went  no 
more  than    a  Hat   condensation   in    their    plane.      Ite  outline 

1   AUtu  of  SUtlar  Sprtrtt.  |v   ]?&. 

1  CtttJdial  i'Ao/.>yw;A.,  rot  ii.  |».  «3. 

1  Schtiner,  /ftvfaprapto  <Ur  'Jtttinu,  p.  SS*. 
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is,  on  the  contrary,  circular,1  Hnd  its  true  shape  ruust 
be  that  of  a  globe*.  There  is  no  protwtiilit}  that  the 
innumerable  stare  strvwiu-  the  formation  have  any  physical 
conneotion  with  it.  Two  Hina.ll  nebula:  in  its  immediate 
neighbourhood,  on  tho  other  hand,  eertainly  belong  to  iu 
system.  The  cloeer  tad  brighter  (M  32)  was  discovered 
by  Le  Gentil  in  1749  ;  the  other,  which  in  situated  in  a 
nearly  opposite  direction,  by  Carolina  Herschel  in  178^. 
Both  can  be  seen  with  powerful  telescopes  to  be  included 
within  the  limits  of  the  primary  ugglonn  rati  OB.  I>  I  -mil's 
nebula,  indeed,  appeared  on  a  Meudon  negative  to  be  as  n 
condensed  knot  upon  one  of  it*  external  spiral,'  and  the 
companion  object  doubt  lea*  owna  a  similar  origin.  The  latter 
is  an  oval,  apparently  amorphous  mam ;  its  longer  axis  is 
inclined  60°  to  that  of  the  gntf  nebula.  The  two  satellites 
may  eventually  yield  signs  of  orbital  revolution ;  or  the  whulr 
disc  perhaps  rotates  as  one  piiiv.  and  thev  along  with  it,  we 
cannot  attempt  to  deride  v*  hit  h  condition  ia  tlie  more  likelv 
to  prevaiL  Perhaps  neither  to  the  exclusion  r>l  tin-  other 
It  is  conceivable  that  tin-  m<>re  remote  membtl  of  the  system 
circulates  independently  while  tin-  inner  companion  is  Ixirne 
onward  with  the  general  swirl. 

Far  inferior  to  this  "  Ajax  "  among  the  nebuhe,  although 
eminent  among  the  "  other  Argives,"  is  a  large  lenticular 
object  in  Cetus  (N.G.C.  252),  noticed  by  Caroline  Herschel  in 
1783.  Sir  John  Herschel*  considered  its  "streaky  and 
knotty  "  texture  to  denote  resolvability  into  stars ;  but  it  came 
out  instead  as  a  fine  spiral  in  a  photograph  taken  by  Dr. 
Roberts  25th  December  1899,  a  reproduction  of  which  is 
given,  by  his  kind  permission,  in  Plate  XX.  The  whorls  are 
evidently  much  foreshortened.  They  are  studded,  as  Dr. 
Itolart*  remarks,5  "  with  numerous  condensations  of  a  stellar 
character,"  while  six  ordinary  stars  are  probably  seen  in 
prnjii  tion  upon  them.  Measures  of  their  positions  relative  to 
eueh  "th«r  and  to  exterior  stars  might  serve,  he  adds,  for  the 

1  Tin- 1-  -i.-m-.l  by  M.  AntonUdi,  on  the  strength  of  u  obwrr»tion  with  the 
fCittiit  >iinr>sUi  of  1'arin,  1st  Sept  1900  \Kntncledge,  toI.  iKiii.  p.  261). 

•  Swift.  /'«»/'.  Asfr.  vol.  i.  p.  112. 

3  K.itmui'lm,  Oamvs.  19  Pettier  1898,  p.  232. 

*  i'ttpe  lUmlta,  p.  !>$. 

1  Kitowtrtltjf,  vol.  niii.  p.  132. 
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detection  of  auy  movements,  rotational  or  translatioiial.  by 
which  the  nebula  may  bo  ufTected.  Its  considerable  south 
latitude  brings  it  within  the  spectrographs  domain  of  the 
t^ape  Observatory,  and  the  McClean  apparatus  might  hr 
competent  to  obtain  an  impression  of  a  spectrum  sure  to  ptovr 
interesting,  if  only  it  can  be  made  distinctly  visible, 

A  nebulous  "  ray  "  in    Ursa  Major  (M  82)  was  de~ 
hy  I-ord  Roase  as  "a  most  extraordinary  object,  at  least  ten 
minutes  of  arc  in  length,  and  crossed  by  several  dark  band*" 
Id"  r    run    obliquely    to    the    axis,  and    give   tip 
Mr.  Ingall  said — "  a  twisted  appearance,  like  a  distaff  of 
It-  appears  to  possess  two  centres  of  condensation,  which  tuuai 
lend  no  slight  complexity  to  its  internal  economy.      Each  i* 
perhaps    the    starting-point  of   a    separata    arrangement    of 
luminous  coils,  hut  no  fair  view  can  be  got  of  them  ;   they  are 
foreshortened  into  mere  broken  lines.     The  nebula,  1  >r.  Ho 
explains,9  is  presented   to  us  "  in  section,  and  the  upper 
lower  surfaces  are  very  rugged."     The  divisions  betweeso 
rings  hence  took  shape  in  a  negative,  to  which  he  #ava 
and  a  half  hours'   exposure,  31st  March    1889,  ai  "  rifta 
attenuated     places"    not    obviously    fitting    together     into 
harmonious  plan.     The  profile  of  a  «  is  not 

easily  intelligible  object,  and  that  is  all  that  can  be  seen 
M  82.  Perspective  has  done  its  utmost  to  disguise  it* 
aspect.  Turned  edgewise  towards  the  earth,  it  betray*  only 
hy  its  indentations  and  rugosities  the  effects  of  the  ploughing 
action  to  which  for  ages  it  has  been  subjected  Swift's  N  hair. 
line  nebula; "  belong  to  the  same  category.  They  show  as  hare 
itaoki  of  nebulosity,  bulging  a  little  where  the  nu<loi  pr*. 
trade.  Presumably  they  are  flat,  circular  surfaces,  the  plana* 
of  which  coincide  with  the  line  of  sight. 

The  "  ray  "  iu  Ursa  Major  is  not  solitary.      It  is  placed 
.it   a  distance   of  only    42'   from   ii    In:  ,M   81), 

evidently  of  the  same  general  character.  The  two  weir 
photographed  together  by  Dr.  Koberu  in  1889,  and  cannot 
be  wholly  diseonnerted.  The  primary — if  we  may  call  it 
so — resemble*   the  great  Andiomeda   nebula,  and,  like   it, 

'    TVWM.  iftiyo/  Dublin  AW*ly,  vol.  tf.  p.  TO. 
1   £V-  J/«*a*«.  vol.  xlii.  p.  311. 
•  OtUdiai  rhotoyrmrks.  vol.  i.  (..  78. 
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resolved  into  a  fine  spiral.  The  spectra  of  both  objects  wwv 
found  by  Sir  William  Huggius  to  be  continuous;  but  thr 
aignificant  details  disguised  by  apparent  continuity  have  still 
to  be  revealed. 

The  essential  formative  Uw  of  whit**  nebula*  is  unmis- 
takably that  of  spirality.  This  conviction,  strongly  iiplx-M 
by  the  long  series  of  the  GlOwboMVgll  pictures,  waa  irrefutably 
established  by  Professor  Keeler's  photographic  survey  with 
the  Crossley  reflector.1  Owing  to  the  stroug  light-collecting 
power  of  the  instrument,  the  harvest  of  nebula?  garnered  was 
so  plentiful  that  the  nnmU'r  within  its  re.icli  ovrr  the  whole 
heavens  was  estimated  at  no  lew*  thai)  120,000.  and  nearly 
all  of  these  can  be  inferred,  from  the  preliminary  results 
obtained,  to  have  a  spiral  hbapo.  On  the  Lick  p!at*»,  in  fact, 
a  small  compact  nebula,  not  disposed  in  luminous  coils,  stood 
out  as  a  rarity.  All  spindle  -nebulas  were  resolved  into 
spirals  viewed  aslant,  but  into  spiials  of  various  degrees  of 
complexity.  Some  consist  merely  Of  two  tarred  branch-* 
shaped  like  the  letter  8,  mid  diverging  oppositely  from  a 
nuclear  condensation.  An  object  of  the  kind  situalnl  in 
Pegasus  (N.G.C.  7479)  is  reproduced  from  Professor  K.-elcr's 
photograph  in  Plate  XXL  Subjoined  are  the  drawings  by 
.1.  Ilcrschcl,  d' Arrest,  I/>rd  Rosse,  and  Tenipel,  with  which 
Keeler  i-oinpared  the  autograph  picture.  They  make  an 
instructive  study.  Iferschel  saw  the  object  as  a  narrow 
spindle  "extended  between  two  stars,"  d'Arrest  as  a  lozenge; 
l/inl  Kosse  |terceived,  in  addition,  n  mass  of  spiral  convolutions 
surrounding  a  faint  star,  while  Tempel  caught  the  double 
i'M'im  t  of  a  round  attached  to  an  elongated  patch  of  luminosity, 
but  tailed  to  discern  their  true  connection.  At  last  on  the 
Lick  plates  the  object  disclosed  itself  under  an  intelligible 
*H|N4:t.  "  A  glance  at  the  photograph,"  Professor  Keeler 
wrot«\-  shows  that  this  nebula  is  a  two-branched,  left-handod 
Kpiral  with  a  nucleus  or  condensation  near  the  point  of 
intlettiiiiL  The  preceding  branch  is  strong  and  single,  but 
t hi*  following  branch  is  split  into  two,  which  cross  where  their 
curvature  is  greatest,  at  some  distance  from  the  centre  of  the 
spiral,  and  unite  again  at  their  extremities.  This  appearance 
in  tin-  components  of  the  following  branch,  and  the  fact  that 
1     f«.'r    \Wt..  N«.  rjfim.  -  AttropK.  Jour*,  vol.  xi.  p-  3. 


444  PROBLEMS  IN  ASTROPHYSICS 

the  ends  of  both  branches  curve  around  so  aa  to  approach  the 
centre  more  closely  than  do  the  intermediate  parte,  are  doubt 
lees  effects  of  projection,  the  plane  of  the  spiral  lying  -  - 
to  the  line  of  sight." 

Lord  Rosse's  htar  occupies   the   centre   of  the  8pace   fenced 
round   by  the  preceding  branch  (that  to  the  left).     'It  would 
be  of  great  interest,''  the  Lick  astronomer  continued,  ■  to  know 
whether  this  singular  position  of  the    star   is   accidental 
whether  the  star  and  the  nebula  are  physically  connected,  and 
if  so,   in  what   way    the   star  was   Iff;    in   its   present   jm.  j 
during    the    process    of   contraction.     On    the    first    of    then 
questions  an  investigation  of  the  spectrum,  which  will  be  made 
in  due  time  "  (the  time,  alas  !  never  came),  "  may  throw  light. 
Assuming    for    the     present     that    the    star    is    physically 
connected   with   the  nebula,  it   seems   to  me  possible   that 
proximity    of   this   »tar    may    account    for    the    unsyrnraetrical 
appearance  of  the  spiral,  which  may  be  due  to  an  actual  differ- 
ence in  the  dimensions  of  the  two  branches,  or  to  their  lying  in 
differently  inclined  planes." 

The  first  nebula  in  which  a  spiral  conformation  was 
pv<i-njs.'il  Ls  still  unsuqiasMil  as  a  specimen  of  its 
class.  We  are  enabled,  by  Mr.  W.  E.  Wilson's  kindness,  to 
reproduce  in  Plate  XXII.  his  fine  picture  of  this  stupendous 
objoct.  The  coils  are  left-handed ;  they  follow,  as  they  iasoe 
from  the  nucleus,  the  line  of  movement  taken  by  the  hand*  of 
a  watch.  Our  view  of  them  is  straight  and  square;  they  can 
be  little,  if  at  all,  foreshortened.  Yet  they  do  not  wind 
symmetrically  round  their  origin.  Their  flow  is  broken  and 
distorted,  like  the  current  of  a  river  by  jutting  rocka.  The 
spiral  is  fundamentally  double.  Two  main  streams  leave  the 
nucleus  at  diametrically  opposite  points,  and  preserve  their 
neparate  individuality  until  they  melt  away  into  the  outer 
darkness.  Their  course  seems  to  be  prescribed  essential  1 
the  combination  of  an  ejective  with  a  rotatory  velocity . 
disturbances,  however,  manifestly  supervene.  The  branches 
divide  and  reunite;  they  ;m  ilnven  and  bossy;  they  swerve 
widely  from  the  circular  track.  This  is  especially  remarkable 
in  the  case  of  the  longest  and  brightest  arm,  which  streuhe* 
irregularly  outward  to  join  a  secondary  exterior  nucleus.  Thi* 
circumstance  alone  suffices  to  prove  that  the  diffusion  of 
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in  this  formation  has  been  outwanL  The  ]ierturbing  mass  was 
undeniably  there  before  the  luminous  ntmun  which  it  diverted 
began  to  flow;  and  its  flow  was  quit*  plainly  f«»wurd*  it  from 
within.  Other  indications  of  centrifugal  action  are  visible. 
Mr.  Wilson's  photograph  shows  "cometary  tails  curved 
like  a  plume  away  from  the  central  nucleus,"  attached  to 
some  of  the  denser  knote  On  Hu  ton  volutions  of  the  spiral ; * 
and  these  effects  of  app.&tvut.  repulsion  art*  likewise  clearly 
legible  on  Lick  and  Crowborough  plates  of  the  same  object 

Indraughts  or  infalk  fnuu  span-  are  not  l»re  cim-nntl 
whereas,  in  Mr.  T.  C.  ChamWlin's  words.'  "the  effects  of 
explosive  projection,  coml>ine<l  wiUi  concurrent  rotation,  must 
obviously  give  rise  to  a  spiral  form.''  Koch  such  Mbflh  (and 
there  are  tens  of  thousand*  of  them)  result**,  in  his  view,  from 
the  "  approach  without  collision  "  of  a  roving  star  to  *  compact 
gaseous  mass.  Strained  to  the  point  of  disruption  by  tidal 
influences,  this  embryo  vortex  would,  at  a  given  tnomcut,  pro- 
ject from  both  extremities  of  the  ellipsoid  into  which  it  hud 
become  elongated,  a  steam  of  material  curved  into  whorls 
through  the  continual  slackening  of  its  angular  rule  of 
rotation ;  and  the  double  catastrophic  outrush  served  to  con- 
stitute a  great  system  of  shining  spires,  subsequently  diversified 
by  the  supervening  phenomena  of  minor  outbreaks.  This 
rationale  has  much  to  recommend  it,  and  probably  rests  upon  a 
substratum  of  truth ;  yet  the  events  contemplated  in  it  are  on 
a  small  scale  by  comparison  with  the  grandiose  dimensions 
which  we  must  ascribe  to  spiral  nebuhe. 

I>>nl  Rosse  described  a  nebula  situated  near  the 
star  US  Ursa-  Majoris  (M  101  =  N.G.C.  5457,  5458), 
as  a  large  faintish  spiral,  with  several  arms  and  knots,  at 
least  14'  across.5  A  four  hours'  exposure  at  Lick  brought 
into  view  a  surprising  wealth  of  intricate  details.  The 
groundwork  of  the  structure  agrees  closely  with  that  of  the 
great  spiral  in  the  Hunting  Dogs.  It  is  composed  of  two  main 
elfusions,  sweeping  round  from  left  to  right.  But  they  spread, 
and  split,  mid  ramify,  drawn  hither  and  thither  by  multiple 
attractions,  while  preserving  in  their  complex  interlaciugs, 
the  whirling  impress  of  their  origin. 

1     l-lr •rmunienl and  I'hy$i--nl  IttHitrtfus  at  Daramuna,  Appended  Illmtrationi. 
'■'  ,4s'r  t  h.  Jatirn.  vol.  xiv.  p.  34.         J  Trax*.  Il»yal  Ihibiin  Society,  toL  ii.  p.  135. 
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"  Three-branched  spirals  "  still  survive  here  and  there 
catalogues.  Such  were  supposed  to  lie  the  delicate  object* 
M  99  in  Virgu  (N.G.C.  4254),  and  M  83  in  the  bead  of  thr 
Centaur.  But  the  triplicate  form  ascribed  to  them  was  most 
likely  of  optical  creation.  There  is  no  satisfactory  evidence 
that  it  exists  in  nature.  So  far  as  we  can  judge,  the  spiral 
type  originated,  by  fundamental  necessity,  through  a  double 
outflow,  in  contrary  directions,  from  the  parent  mass  A  mod* 
of  genesis  is  intimated  which  recalls,  though  distantly,  the 
diametrically  opposed  eruptions  not  uncommonly  witnessed  on 
the  sun.  It  may  be  added  that  no  genuine  spin]  appean*  U> 
be  a  simple  watch-spring  coil.  This,  to  l»e  sure,  is.  to 
extent,  a  matter  of  definition.  It  depends  upon  what  wr 
agree  to  call  a  spiral  nebula.  Yet  the  difference  will 
likely  prove  to  be  radical  between  stars  with  ourving  traias; 
like  M>!  i  in  the  Pleiades,  and  those  cosmic  "  whirlpools,"  evny 
trait  of  which  testifies  to  the  eounterplay  of  multiplr 
activities. 

"  Cometary  uebuhe "  are  not  very  rare,  and  thcy 
aspects  of  considerable  variety.  The  nuclei  are  not  always 
stellar,  nor  are  the  appendages  attached  to  them  in  all 
capon  inflected.  A  few  have  been  photographed.  Thus  an 
object  (N.G.C.  1999)  50' south  of  t  Ononis  was  noticed  by 
[>ird  Rosse  as  resembling  "  a  comet  coiled  into  a  ring  nebula," 
and  appeared  under  the  same  form  on  a  plate  exposed 
Dr.  Common  with  his  three-foot  (now  the  Crossley)  reflector  in 
Kebruary  1883.-  Its  spectrum  has  uot,  that  we  are  aware  of, 
Wn  examined.  "Reaping-hook"  shapes  also  occur.  Wast 
(if  the  Argo  nebula,  a  falcated  and  forked  tail.  10'  long,  was 
observed  by  Sir  John  Herschel  to  issue  from  a  granulated. 
perhaps  a  double  nucleus3  (N.G.C.  3199).  The  inner  edge  is 
sharp,  but  it  fades  gradually  outward.  Cometary,  too,  ta 
N.G.C.  520.  It  has  an  indistinct  nucleus  aud  a  bind  train.* 
A  nebulous  hyperbola  with  a  star  near  the  vertex  (K.CLG 
2366)  is  met  with  in  Camelopardalis ; a  and  tan-shaped 
appendages  to  stellar  condensations  are  a  recognised  variety 
of  the  speciea.     A  pair  of  these  singular  objects  were  ph<*to- 

'   Trans,  foyiti  rhibiin  Satisfy,  rot  U.  p.  &0. 

•  Uton-m/ory.  vol.  xii-  |>.  Si.  '  Cap-  iXsmtU,  pp.  HO.  M- 

•  Rom,   7Vd«.  Jbyni  Dublin  Sac*?.  wcX.  ii.  p.  19.  ■    /*W-  p.  «. 
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graphed  by  Professor  Barnard,  2nd  February  1894/  in  the 
immediate  neighbourhood  of  the  bright-line  star  7  Cassiopeia?  . 
His  sketch,  showing  their  positions  with  regard  to  it,  is  copied 
in  Plate  XXIII.  Fig.  1.  These  do  not  seeru  to  be  casual 
The  opening  out  of  the  two  fans  straight  away  from  the  star 
suggests  an  express  plan  of  orientation.  Kaeh  nebula  is  about 
15'  in  diameter.  They  are  "excessively  faint  and  dilute.*'  ami 
almost  elude  visual  observation.  In  Professor  Barnard's 
opinion,  they  would  never  have  been  detected  otherwise  than 
by  chemical  means.1  Yet  they  photograph  easily  enough ;  and 
if  this  actinic  quality  denotes,  as  seems  probable,  a  gaseous 
constitution,  mention  of  them  should,  properly  speaking,  be 
postponed  to  a  later  chapter.  Their  spectral  classification, 
however,  is  likely,  for  some  time  to  come,  to  remain  matter 
of  conjecture.  Dr.  Roberts  obtained,  with  ninety  minutes' 
exposure  on  25th  October  1895,  an  excellent  photograph  of 
the  twin  fan  nebula?,  in  which  traces  of  a  luminous  connection 
Hrc  apparent.3 

"  Rifted "  nebula?  must  be  classed  as  a  variety  of  the 
elliptical  sort.  They  appear  either  as  cloven  discs — N.O.C. 
5128  in  Centaur  is  an  example — or  as  parallel  rays,  such  as 
a  bifid  streak  in  I-eo  (N.O.C  3628).  A  probably  analogous 
structure  in  Andromeda  was  photographed  by  Dr.  Roberts  in 
I891.4  It  came  out  immensely  elongated,  and  with  just 
such  a  "  chink  in  the  middle "  as  had  been  seen  by  Sir 
John  Herschel,  whose  opinion  that  the  nebula  was  the  fore- 
shortened representative  of  a  thin,  Hat  ring  of  enormous 
dimensions  thus  received  strong  confirmation.  Yet  the 
added  li^ht-power  of  the  Parsoastown  mirror  had  extended 
Herschel's  "chink"  into  a  channel,  running  from  end  to  end 
of  the  formation.  Or  rather  the  retinal  impression  afforded 
by  it  had  been  misinterpreted  in  this  sense;  for  that  it  was  a 
misinterpretation  the  camera  i neon t rover tibly  asserts.  The 
error  may  serve  as  an  illustration  of  Professor  Keeler's  remark 
tint  "  the  most  obvious  tendency  of  the  draughtsman  is  to 
prolong  ;i  line  or  curve  beyond  the  point  at  which  it  actually 

1  Th'-y  n*tiii  l"  liavr  l>e?ti  <lcpirt«*l  tw«  months  e*rti*r  l«y  Mm  Wolf.     S*r 
.KV    A'iwA.  N-"  :m\,  3217. 

.ftrr.  <tn</  AttroyhjfticK,  vol.  iiii.  p.  ls3 
'  i'''ti\'it  f'hoto-trirphi,  vol.  ii.  p.  16S».  *  Ibid.  »ol.  i.  p.  41. 


448 


i'KMlil.KMS    IN    ASTROPHYSICS 


stops." '  A  suspicion  even  arises  that  other  telescopic 
preeentments  of  rays  split  throughout  their  length  are 
similarly  misleading,  and  that  they  are,  in  fact,  like  th? 
glimmering  oval  in  Andromeda,  rings  thrown  into  perspective- 
Otherwise  why  should  the  dark  rifts  always  coincide  in  direc- 
tion with  the  major  axes  of  such  formations  ?  If  these  arc 
really  circular  discs,  they  might  as  well  run  across  as  along 
them;  but  they  never  do.  YW  must  then  choose  between 
two  inferences.  Either  the  nebula*  are  in  fuel,  and  not 
merely  by  optical  projection,  elliptical,  in  which  case  a 
longitudinal  line  of  cleavage  would  be  intelligible,  or  tbey 
are  luminous  rings  viewed  very  obliquely.  It  must  indeed  be 
admitted  that  the  strong  development  of  nuclear  condensa- 
tions in  some  rifted  nehulte  appears  almost  to  exclude  the 
latter  alternative.  Dr.  Roberta's  photographs,  for  m  ■ 
N.G.C.  4565  in  Coma  Berenices,  and  of  N.G.C.  4694  in 
Virgo,"  exhibit  an  arrangement  of  parts  insistently  demanding 
a  different  explanation.  What  seems  certain  is  that  no 
single  principle  is  valid  all  round.  Modifications  must  be 
introduced  to  meet  the  exigencies  of  nature's  end  If  variety. 

The  great  majority  of  white  nebulie  might  be  called 
globular  clusters  in  disguise.  They  present  a  round  surface, 
condensed  centrally  by  gradations  testifying  to  their  true 
spherical  form.  The  only  obvious  distinction  between  them 
and  "  balls  of  stars "  is  that  they  are  irresolvable  by  any 
telescopic  powers  that  can  be  brought  to  bear  upon  them. 
Ami  the  suggestion  lies  close  at  hand  that  this  quality 
depends  wholly  upon  distance — that  round  nebula;  are  neither 
more  nor  less  than  remote  globular  clusters.  Yet  it  cannot 
be  adopted  without  hesitation.  The  space-relations  of  the  two 
classes  of  object  are  very  different  Clusters  frequent  the 
Milky  Way  ;  white  nebulie  avoid  it.  The  discrepancy,  it  ut 
true,  may  be  capable  of  reconcilement,  but  by  a  aouewl 
elaborate  artifice  of  speculation.  Nor  is  there  any  immadj 
prospect  of  solving  the  difficulty  Uy  ilie  uid  uf  the 
scope.  We  are  unacquainted  at  present  with  any  cril 
for  distinguishing  continuous  nebular  light  from  that  of 
compressed  clusters.  One  may  eventually  be  found,  bat 
its  application  must  always  be  a  matter  of  extreme  delicacy. 

Aitrtyk.  /tfttni.  toI.  \l  p.  \.  '  Cclutml  PSotegrajtk*.  toL  ii.  p.  Itt. 
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Professor  M<lx  Wolfs  explorations  of  the  heavens  show 
them  to  be  strewn  with  an  incredible  number  of  small  faint 
nebulae.1  Directly  visible  only  by  elusive  glimpses,  they 
come  out  individually  distinct  and  measurable  ou  MtttUTV 
plates;  and  the  Heidelberg  observer  has  already  laid  his  plans 
for  the  construction  of  a  photographic  catalogue  of  nebula*. 
likely  to  be  at  least  twenty  times  more  voluminous  than  the 
most  exhaustive  visual  enumeration.  In  curtain  regions  he 
indeed  found  that  only  two  per  cent  of  the  dim  object*  delineated 
on  his  plates  had  been  previously  recorded  The  newly 
discovered  crowd  vary  greatly  in  shape.  Some  are  round  and 
compact ;  many  more  are  round  and  diffuse  ;  there  are  spirals 
among  them,  and  spindle*,  and  draped  or  arched  formations. 
A  surprising  number  are  marked  "planetary/*  and  are  hence, 
presumably,  gaseous.  The  physical  nature  of  the  rest  is 
inferable  only  wln-n  the  definiteneas  of  their  shapes  prescribe 
their  arrangement  in  some  established  category. 

Thus  we  arc  able  to  assert  confidently  that  those  dis- 
posed along  coiling  lines  or  projected  into  rays  and  ellipses, 
give  continuous  light;  but  if  we  attempt  to  go  further,  and 
obtain  a  clear  <-tuir.Hpi.um  a*  to  how  the  light  originated, 
embarrassments  beset  our  path.  Let  us  confront  them  fairly. 
The  only  white  nebula  of  which  the  spectrum  has  been 
observed  to  any  purpose  is  the  great  elliptical  spiral  in  Andro- 
meda. It  almost  certainly  includes  lines  or  bands  of  absorp- 
tion ;  it  is  probably  marked  by  traits  of  emission  as  well 
Plausibility  is  thus  lent  to  the  opinion  that  the  nebula  is  a 
genuine  cluster  of  stars  amalgamated  by  distance  into  a  soft 
haze.  The  haze,  however,  shines  very  dimly ;  its  lustre  is 
almost  evanescent  comparatively  to  that  of  the  sun.  If,  then, 
its  component  |«irticles  are  true  suns,  they  must  be  inordinately 
far  apart.  For  the  sake  of  giving  some  precision  to  our  ideas 
on  the  subject,  we  will  attempt  to  illustrate  this  numerically. 
It'  we  assume  the  central  parts  of  the  nebula  to  possess  2  J0th 
the  intrinsic  lustre  of  the  full  moon,  or  (what  comes  to  the 
same)  jJ4  millionth  that  of  the  sun,  while  consisting  of 
scattered  '4l0l.es  of  solar  brilliancy,  it  follows  that  this  also  is 
the  proportion  between  the  total  bright  area  covered  by  their 

1  s>>:>nuis>*ri<hU-  tttr  bjt.  kiyrr.  AkmL  der  WimtnxXafltn,   Bd.  nxi.  Heft 
it.  [•■  111  (l'»l). 
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discs  and  the  dark  area  of  vacancy,  the  dimness  of  the  nebula 
measuring  the  spread  of  the  interspace.  Hence  the  component 
stars,  taking  each  to  be  half  u  million  of  miles  in  diameter 
should  be  separated  from  its  next  neighbour  by  an  interval  of 
more  than  5000  millions  of  miles,  as  seen  projected  upon  a 
plane  perpendicular  to  our  line  of  vision.  Their  real  distances, 
since  they  are  presented  to  us  slantwise,  would  of  course  be 
very  much  greater ;  but  with  them  we  are  not  just  at  present 
concerned.  We  must  next  try  to  form  an  estimate  of  how 
close  together  these  sun-like  bodies  should  appear  to  be  in  order 
to  produce  the  observed  effect  of  a  smooth  luminous  surface. 
If  the  gaps  amounted  to  one-tenth  of  a  second,  the  nebult 
would  certainly,  with  the  powerful  and  perfect  telescope*  now 
in  use,  show  symptoms  of  resolvability.  Yet  none  appear. 
The  fog  does  not  even  tend  to  condense  into  droplets,  and  the 
temporary  star  of  18S5  stood  out,  to  the  last  hour  of  its  visi- 
bility, by  contrasted  light-quality  from  the  soft  surrounding 
glow.  Allowing,  then,  that  the  linear  intervals  of  5000  millions 
of  miles  between  the  constituent  bodies  of  the  Andromeda 
nebula  are  represented  by  optical  intervals  of  J^th  of  a  second, 
we  arrive  at  a  parallax  for  that  vast  structure  of  less  than 
tV&o"  In  other  words,  its  rays  spend  about  3300  yean 
in  travelling  to  the  earth.  At  this  distance,  the  stars  we  have 
supposed  aggregated  in  it  would  appear  of  fifteenth  magnitude 
Xow  they  should  in  the  fainter  outlying  parts  of  the  nebula 
be  more  sparsely  distributed  than  near  the  centre,  and  as  they 
thinned  off  they  would  inevitably  appear  in  their  propar 
guise  as  fifteenth-magnitude  stars.  But  the  texture  of 
the  glimmering  haze  remains  the  same  in  every  stage  of 
attenuation. 

It  may  then  be  taken  as  certain  that,  if  this  object  be  of 
stellar  constitution,  it  is  made  up  of  stars  smaller  and  closer 
together  than  we  have  supposed ;  unless  we  are  prepared  to 
lengthen  still  further,  and  very  materially,  a  light-journrr 
already  protracted  to  the  verge  of  the  incredible  It  is  noi, 
however,  easy  to  conceive  that  bodies  much  lees  than  half 
a  million  miles  in  diameter  can  l>e  truly  sun-like.  An  oat- 
pouring  of  light  and  heat  in  the  profuse  measure  exemplified 
by  the  sun,  implies  storage-accommodation  on  a  colossal  scale, 
and   the   spectrum   of    the   Andromeda   nebula,  so   fiur  as   it 
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can  be  deciphered,  seems  to  correspond  to  a  high  standard  of 
temperature. 

Undoubtedly  the  path  "  of  least  resistance  "  is  to  accept 
the  stellar  origin  of  nebular  radiance.  It  U  not  entirely 
practicable,  but  every  other  is  impassable.  The  solar  corona 
presents  no  real  anal"  >  to  white  nebula-,  since  it  is  kept 
incandescent  by  the  jiotent  agency  of  the  sua,  while  their 
glow  is  self-sustaining.  This  it  can  only  be — setting  aside  the 
vague  possibility  of  electrical  discharges — by  the  HOttdfl  Df 
motion  in  some  form.  According  to  Sir  Norman  Iyickyer's 
well-known  hypothesis,  the  collisions  of  swarming  meteorites 
supply  the  evolved  energy ;  but  there  is  little  or  no  evidence 
that  the  cause  acts,  or  would  be  adequate  if  it  did  act.  We, 
at  least,  have  no  exj.t-n.Mir.'  of  its  ojmntion.  The  only 
meteoric  collisions  we  know  of  are  with  the  earth,  which  spreads 
a  wide  net  for  the  capt.ure  of  Hying  ramie  particles. 

As  an  alternative  suggestion  it  may  be  worth  considering 
whether  the  shining  of  nebula;  might  proceed  from  a  very 
slow  loss  of  circulatory  jhmm!  through  the  resistance  of  a  gaseous 
medium.  A  pulverulent  constitution,  resembling  that  of 
Saturn's  rings,  should  then  be  attributed  to  them ;  they 
would  consist  of  relatively  small  masses  interfused  with  some 
highly  subtle  aerial  remnant,  the  distinctive  bright  lines  of 
which  add  complexity  to  the  nebular  spectrum.  But  the 
velocity  of  circulation  in  such  structures  should  increase  out- 
ward Other  things  being  equal,  they  should  accordingly,  if 
arrested  motion  were  the  source  of  their  luminosity,  gain 
brightness  with  increasing  distance  from  the  centra  The 
reverse  is  very  markedly  the  case ;  but  the  attendant  condi- 
tions an?  so  intricate  that  the  contradiction  need  not  be  fatal 
to  the  sjN.'cul.ition.  It  cannot,  however,  be  usefully  discussed 
apart  from  a  profound  study  of  the  dynamical  condition  of 
such  a  peculiar  system  as  that  just  indicated;  and  this  we 
must  leave  to  more  competent  authorities. 
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twelve-inch  refractor  of  the  Lick  Observatory,  in  the  neigh 
bourhood  of  the  widfl  double  star  23  Ononis  (2  696).  The 
coruponenta  are  36"  apart,  faint  and  uneondeused.  A  tenth* 
magnitude  star  forms  with  them  an  equilateral  triangle.  Their 
measurement  by  Burnham  in  1891  L  supplies  a  datum  of 
first-olass  importance  for  the  future  determination  of  change 
in  the  system  which  they  beyond  question  constitute. 

Iittrow  described  in  1835 5  a  curious  combination  of  thnv 
small  nebula;  marking  the  angles  of  a  triangle,  the  sides  of 
which  are  formed  by  three  nebulous  bands,  while  &  fine  doable 
star  occupies  the  middle  of  the  enclosure.  The  arrangement 
met  with  near  y  Pegasi,  would  make  a  promising  subject  for 
a  photographic  experiment.  Close  telescopic  scrutiny,  on  the 
other  hand,  might  advantageously  be  brought  to  bear  upon  a 
nebulous  pair  in  Gemini  (N.G.C.  2371,  2372).  The  distance 
from  centre  to  centre  of  the  components  is  only  32",  and  they 
were  seen  at  Parsonstown  to  be  connected  by  ■  tails  and 
filaments,"  if  not  encircled  by  a  filmy  atmulus.8  An  inter* 
mediate  star,  noted  as  "bright"  19th  December  184S, 
observed  by  Lassell  in  1852/  and  by  d'Arrest  in  1862, 
has  of  late  ceased  to  attract  attention.  Can  it  have 
light  ?  D'Arrest  seems  to  have  had  no  difficulty  in  seei 
it  with  an  eleven-inch  refractor,  so  the  question  might  be 
readily  answered.  The  preceding  member  of  the  pair  wa* 
remarked  by  Dr.  Dreyer  in  1887  to  be  brighter  and  more 
condensed  than  its  companion.5  A  similar  nebular  and  stellar 
group  was  discovered  by  Dr.  Common  in  1880°  in  the 
oonstellation  Crater,  lie  regarded  the  nebula.-  as  planetatiee . 
in  the  absence,  however,  of  information  concerning  their 
spectra  this  cannot  be  held  certain.  The  existence  of  the 
linking  star — a  feature  of  peculiar  interest — has  not,  wi 
believe,  been  verified,  but  need  not  be  doubted 

Fine  telescopic  seeing  avails  to  resolve,  no  loss  than  to 
unify  nebube.  Some  split  up,  Like  close  double-  stars. 
under  high  powers.     With  a  magnification  of  250    Profeaaor 

■  Mtmiklg  A'ctfiea,  rot.  Hi.  p.  tf  I. 

1  Stemgrvppcn  un<i  .WWrnawm,  p,  33. 

■  Phil.  Trans,  rot  cxL  p.  612,  plate  *'. 

1  Memoir*  Royal  AUr.  Society,  toI,  xiiii.  p,  $2. 

1  Mcmlhly  Xatieu,  toL  xlTii.  p.  418.  *  Cofsrmiems,  toL  L  p.  Ux 
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Swift  perceived  a  nebula  (N.G.C.  6679),  earlier  discovered 
by  himself,  to  be  a  well -separated  pair,  and  ho  obtained 
a  similar  result  for  one  of  Sir  William  Ikrscbel'a.  "It 
would,"  he  adds,  M  be  a  tfreat  satisfaction  to  bo  fully  assured 
that  they  are  binaries."1  Wo  fear  that  the  satisfaction  is 
reserved  for  a  future  generation  of  astronomers.  The 
Herschelian  nebula  in  question  was  doubtless  N.G.C.  3690  in 
Una  Major,  whioh  had  already  in  1852  boon  divided  with 
the  Rosse  reflector  into  two  irregular  masses  at  a  distance  of 
about  60*.*  This  is  a  coarse  object  compared  with  two 
delicate  pairs  discovered  by  Swift  at  Echo  Mountain,  Cali- 
fornia, in  1897.  Each  resembles  a  "  double  nebulous  Uranus," 
the  conjoined  discs  being  5"  or  C  apart1  They  are  numbered 
6  and  27  on  bis  sloven  th  catalogue;  yet,  although  one  seams 
the  replica  of  the  other,  they  are  not  near  neighbours  in  the 
sky.  Mixed  pairs,  stellar  and  nebulous,  are  lew*  scarce  than 
one  might  expect  Swift's  southern  exploration*  yielded 
nearly  a  dozen  specimens.  Two  are  situated  in  Argo,  near  the 
small  round  nebula,  N.G.C.  3267.  Each  proved  resolvable, 
in  the  exquisite  Californian  air,  into  a  star  and  nebula  at  a 
distance  of  4";*  and  the  veteran  observer's  concluding  list 
of  discoveries  included  five  analogous  couples,  the  widest 
having  a  spun  of  8".  They  should  at  once  be  micrometrically 
measured ;  for  until  this  is  done  they  cannot  be  said  to  have 
started  ou  their  career  in  scientific  history. 

Double  elliptical  nebula.-  are  picked  up  now  and  again. 
They  are  not  easily  distinguishable  from  rifted  nebula. 
Probably  the  true  criterion  is  the  duplicity  of  the  nucleus. 
Hays  stretched  parallel  to  the  main  formation,  but  exhibiting 
no  trace  of  independent  condensation,  can  only  be  regarded  as 
outlying  portions  of  it;  where  there  are  two  nuclei,  there  are, 
in  isst  or  in  posse,  two  distinct  bodies.  As  such  two  lens- 
sh;i|.id  objects  in  Pegasus  (N.G.C.  7814),  photographed  by  Dr. 
UoU-rts,'  should  probably  rank.  The  "dark  lane  "shown  by 
the  Ilosse  reflector  was  perceived  in  the  negative  to  bisect  the 
gloW-like  nucleus,  and  to  widen  out  on  either  side  of  it;  so 

1  I'ojmlar  Attr\>nomy,  vol.  L  p.  370. 
-'   Trim*.  fc<>tat  Itublin  Society,  toI.  1l  p.  97. 
./.',.  .V-  /..  No.  3M7.  '  Montidy  Notice*  toL  slviii.  p.  331. 

•  CcUMial  Photojnipk*,  toL  i.  p.  131. 
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that  each  oval  is  complete  in  itself ;  neither  looks  like  a  frag- 
ment of  the  other.  A  true  pair  seems  also  to  be  constituted 
by  the  lenticular  nebula;  (N.G.C.  3786,  3788)  delineated  If 
Spitaler  at  Vienna  in  1893  ;*  while  the  statue  of  many  mere 
cannot  be  fixed  until  they  have  been  photographed  with  s 
variety  of  instruments  and  exposures.  Among  those  of  un- 
certain nature  should  be  reckoned  a  cloven  raj  in  Leo  (N.G.C. 
3628),  15'  in  extent,2  and  probably  annular;*  a  similar  object 
in  Centaur  (N.G.C.  5128),  viewed  with  amazement  by  Sir 
John  Herschel ;  a  fissured  ellipse  in  Leo  Minor  (N.G.C.  2964), 
thought  to  be  "  almost  double  "  at  Parsonstown ;  and  a  spindle 
in  Draco  (N.G.C.  5866),  described  by  Professor  Keeler  as 
"  divided  lengthwise  by  a  narrow,  perfectly  dark  straight  rift, 
on  each  side  of  which,  near  the  north-preceding  end,  and 
involved  in  the  nebulosity,  is  a  minute  star  of  about  the 
sixteenth  magnitude."4  A  bifid  beam  in  Coma  Berenices 
(N.G.C.  4565),  14'  long,  and  with  a  protruding  nucleus, 
appears  to  be  essentially  single.  Sir  John  Herschel  noticed 
that  the  segments  of  rifted  nebulae  are  sharp  on  their  eon- 
fronted  sides,  diffuse  outwardly.5  They  recall  the  gaping  shell 
of  a  bivalve ;  and  this  peculiarity,  if  photographically  persistent, 
might  serve  as  a  secondary  mark  of  unity.  The  unity,  as 
already  pointed  out,  may  be  that  of  a  ring  viewed  edgewise; 
or,  in  some  cases,  a  formation  primitively  one  may  have  been 
sundered  by  disintegration,  as  a  rock-ledge  is  cut  by  a  mountain 
torrent.  This  is,  of  course,  said  merely  by  way  of  illustration. 
We  arc  unable  to  conceive  how  disintegrating  forces  in  a 
nebula  really  act.  Nor  should  the  possibility  be  forgotten 
that  the  occurrence  of  black  chasms  may  indicate,  not  the 
removal  of  matter,  but  an  abolition  of  light.  These  apparently 
breached  objects  perhaps  subsist,  after  all,  in  substantial 
eutireness. 

Double  nebular  ellipses  do  not  invariably  lie  parallel  to  one 
another.  The  Andromeda  nebula,  for  instance,  is,  in  a  manner, 
coupled  with  N.G.C.  205,  the  longer  axis  of  which,  as  has  been 

1  Astr.  Nock.  No.  3168. 

-  J.  Hei-Hcht'l,  Phil.   Trans,  vol.  exziii  p.  403 ;  Rone,  front.  Royal  £m*m> 
.SV.  vol.  ii.  p.  95  ;  Spitaler,  Astr.  Xach.  No.  3168. 

::  See  a  photograph  by  Roberts,  Celestial  Photograph*,  toL  ii.  p.  lsfi. 

4  Li-!;  Pu'-Iieott'on*,  vol.  iii.  p.  204.  °  Cape  RmlU,  p.  30- 


DOUBLE  NE!5rL-£ 


157 


Maid,  ninkes  an  ungle  of  60  with  that  of  its  primary-  A  pair  in 
Virgo  (N.O.C.  45G7,  4568)  stand  fa  y«t  more  singular  relations 
to  each  other.  Tbcj  coalesce  at  their  follow  inj;  txtreraitice,  and 
diverge  at  an  angle  of  al«>ut  48V  They  might  be  conceived 
of — were  this  mechanically  possible — aa  revolving  on  a  jtfTOl 
The  combination  is  essentially  reproduced  by  two  spindle 
nebula?  near  the  hind  foot  of  the  Great  Bear  (N.G.C.  3786, 
37H8),  which  meet  almost  rectangularly.  Dr.  Spitaler's  draw- 
ing of  them  is  copied  in  Fig.  48.  A  third  pair,  similarly 
composed,  was  noted  by  Swift,  23rd  September  1897,  at 
th«'  I  .owe  Observatory.*  A 
bright  nebula  in  Sculptor 
(N.G.C.  55)  was  then 
too  seen  to  have  a  dim 
companion.  Both  are 
tlongiiUMl ;  they  meet  ob- 
liquely and  overlap.  Pos- 
sibly indeed  they  form 
together  ■  single  curved 
nebula ;  yet  the  indica- 
tion* are  more  in  favour  of 
a  genuine  coupled  arrange- 
ment. 

Ellipticul  nebula*  are 
«-o!iii  -rimes  found  less  con- 
gruously associated  with 
round,  perhaps  globular 
attendants.  Thus  an  enor- 
mously loug  ray  in  Canes 

Vemiiiei  (X.Cf.C.  4631)  is  preceded  by  a  tenth- magnitude 
star,  and  that  again  by  a  nebulous  orb.1  Of  tlie  ray, 
it  was  recorded  at  Parsonstown,  26th  March  1843,  that 
"masses  of  light  appear  through  it  in  knots ";*  and  the 
drawicg  made  there  exhibits  helical  line*  eomepooding 
presumably  to  an  extensive  system  of  foreshortened  flat 
■; ■  -.  ■         Tl:-'    --in     does      not      i|'T--ir     to     IMVS     bSM    IMO; 

«    TWMf.  f!ty*l  IhMin  &*irfy,  VoL  IL  ft.  lift. 
»  A*.  >'«*.  Ho.  3617. 
J.  Hrnchd  nil.  TVww.  toL  ooiR  p.  13 J. 
•  Ait  tsi  at  p.  fl& 
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nevertheless  it  ought,  unless  greatly  diminished  during  the 
score  of  years  elapsed  since  Herachers  observation  of  it.  to 
have  been  conspicuous  with  the  six-foot  speculum.  A 
spindle-nebula  in  Eridanus  (N.G.C,  1532)  has  also  a  round 
companion ; l  and  two  arc  attached  to  an  ellipse  depicted  by 
Spitaler  in  1893  [SAC,  2781,  2785).  Triple  combina- 
tions of  round  nebula  are  fairly  common.  The  varieties  of 
multiple  stars  are  recapitulated  in  them.  Single  primaries 
have  closely  double  satellites,  or  single  satellites  wait  upon 
compound  primaries.  Three  nebuke,  which,  from  thai  cental 
brightening,  may  roughly  be  described  as  spherical,  were 
detected  by  Barnard  in  1886  lying  close  together  in  the  field 
of  his  six-inch  refractor.3  Yet  they  are  faint  object*  even 
with  the  Lick  thirty-six-inch.  The  intervals  between  them 
were  determined  by  Burnham  in  1891  to  be  respectively  94' 
and  78".  A  century  hence  there  will  be  hope  of  eliciting 
evidence  of  incipient  revolution  by  the  renewal  of  these 
measures.  Another  of  Barnard's  new  nebulse  (N.G.C.  6302) 
was  resolved  by  Swift  into  a  triplet.  It  is  plunged 
deep  in  the  Milky  Way  in  Scorpio,  and  has  a  gaseous 
spectrum.8 

Compound  nebula;  lead  the  way  to  groups  and  clusters  of 
such  objects.  Swift  counted  twelve  in  a  single  field  near 
Algol,  and  perceived  at  least  twenty  collected  into  a  slightly 
larger  space  between  k  and  7  Herculis.4  Barnard  explored  in 
1890  a  nest  of  eighteen  small  separate  nebula  in  Ursa 
Major;  and  Max  Wolf  observed  in  March  1901  a  real 
"  Nebelhaufen "  surrounding,  though  probably  disconnected 
from  the  star  31  Comae  Berenices.6  No  less  than  108  com- 
ponents, some  elongated,  some  roundish  and  of  various  degrees 
of  faint ueas.  were  found  included  in  a  circle  30'  in  diameter, 
and  a  similar  group,  photographed  in  96  minutes,  lias  ■ 
Virginia  for  its  centra0  White  nebuke,  in  fact,  tend  very 
markedly  to  gather  into  nocks;  whether  as  a  consequence 
of  their  mode  of  origin,  or  through  the  compulsion  of  their 
mutual  attraction,  remains  an  open  question.     And  since  thr 

I  J.  Himuhel.  Cajx  JtemUa,  p.  22.  »  AUr.  A*«M.  No.  JISS. 

fctftaf  Harvard  Circular,  N 

*  Popular  Artnmomy,  vol.  I  p.  370.  »  A*r.  ^«A.  K«.  JTS4. 

■  Stowytbtrkkte,  Munich.  23nl  M*rch  1W1,  p.  11 1 
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masses  of  these  IkmHba  are  likely  to  be  very  small,  and  Jim: 
real  distances  very  great,  circulatory  movuaicuts  only  of  the 
most  leisurely  kind  can  be  ascribed  to  them.  We  are  unable 
as  yet  to  forecast,  even  remotely,  the  establishment  on  a 
settled  footing  of  the  dynamics  of  nebular  system*. 
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tinguished  by  "early  Orion"  spectra — a  combination 
noted  as  significant  in  connection  with  the  course  of  si 
gTowth  ;  but  tliey  show  no  special  lines  that  could  be  attri- 
buted to  light -stoppage  by  the  immense  bulk  of  rarefied 
incandescent  matter  interposed  between  our  eyes  and  their 
shining  photospheres.  This  is  one  of  the  many  perplexitir* 
involving  the  luminous  relations  of  nebular  stuff,  whi 
^tting  ■  KirchhofTs  law  "  at  defiance,  exercises  no  aboo 
correlative  to  its  emission. 

One  of  the  few  nebulous  stars  bright  enough  for 
spectroscopic  investigation  is  situated  in  Scutum  Sobieski 
55  magnitude,  it  is  enrolled  in  the  Bonn  Durchmustenm^r 
under  the  heading  S.D.  —  10°  4713.  On  a  plate  exposed  by 
Professor  Barnard  with  the  Willard  lens,  29th  June  18' 
large  diffused  nebulosity  was  seen  to  encircle  it.  The  append- 
age must  be  visually  very  faint  to  have  escaped  notice  so  long. 
Its  proper  spectrum  may  then  be  nearly  evanescent.  The 
star  it  belongs  to  is  No.  8198  of  the  Draper  Catalogue,  whe?r* 
it  is  set  down,  although  doubtfully,  as  of  the  second  tyj* 
(Spectrum  E).  Now  this  is  a  point  of  crucial  importance  to 
theories  of  stellar  development.  The  pronounced  nebuJow 
condition  of  a  star  near  the  solar  stage  would  have  a  bearing 
on  such  inquiries  that  could  not  be  ignored.  Should 
established,  current  ideas  will  need  revision.  The 
character  of  Barnard's  ntbulosa  in  the  Shield  promisee, 
to  afford  a  test  by  which  to  try  the  validity  of  reasonings 
sidereal  evolution.  The  test  ought,  with  the  least  possible 
delay,  to  be  applied.8 

A  seventh-magnitude  star  in  Eridanus  was  perceived  by 
Swift  in  1859  to  be  almost  centrally  placed  in  •  shining 
corona.8  It  is  perhaps  identical  with  N.G.C.  5315.  Iu 
spectral  classification  should  present  no  difficulty.  A  wiwtW 
object,  equally  adapted  for  spectroscopic  inquiry,  was  detected 
by  the  elder  Herschel  in  Cepheus  (N.d.C.  7023).  The  nebo- 
losity  is  particularly  strong  north  and  south  of  the  star. 
Irregularities  of  a  more  marked  kind  are  apparent  in  other 

1  A*r.  jVocA.  No.  3111. 

1  Since  the  above  words  were  written  it  has  been  applied.  Pmfa»nc  float 
examined,  in  September  190'i,  a  spectrograpb  of  S.D.  -10"  4713  take*  by  Mr. 
Ellenuan  in  1899,  eud  find*  it  to  bear  authentic  mark*  of  the  Iwltam  tyj*. 

J  SUmml  M*»mgtr%  vol.  W.  p.  39. 
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NEBULOUS  STARS 

instances.  A  tenth -magnitude  star  in  Monoceros  was  found 
by  Barnard  visually  nebulous  in  1888,  photographically  in 
1894.1  A  "email  dark  space."  however,  interrupts  the 
encircling  halo,  A  suh^juent  exposure  with  the  name  instru- 
ment disclosed  as  "  closely  nebulous  "  the  9*5  magnitude  star, 
D.M.  +  23*  1313.*  And  here  tigain  tin?  illumination  is  un- 
evenly distributed,  the  "  fuzzy  "  border  to  the  star-disc  being, 
denser  south  and  oast  than  elsewhere.  This  object  lies 
almost  midway  between  17  (Jeminorura  and  ^  Oriouis.  One 
in  most  respects  analogous  (N.G.C.  2247),  detected  by  Swift, 
24thNovemlhT  18S3,1  came  our  noticeably  "  blurred  "  011  the 
same  plate  with  Barnard's  nebulous  star  in  Monoceros.  Two 
further  specimen*  of  the  «lv^  were  photographi-d  by  Barnard 
in  Sagittarius.  One — D.M.—  19°  4948 — is  fainter  than  ItM 
ninth  magnitude.  It  bos  a  narrow  fringe  of  light.4  The 
second — D.M.  — 19°  4953 — is  of  7*6  magnitude,  ami  i*  encom- 
passed by  a  far-spreading  halo,  15'  in  diameter/  conspicuous 
with  the  cam  mi,  although  nearly  invistbl-    u>  the  eye. 

Nebulous  stars  are  frequently  compound — perhaps  more 
frequently  than  stars  clear  of  cosmic  fog.  Sir  John 
Herschel  recorded  at  the  Cape  a  close  pair  fJf.O.C.  6367)  as 
involved  in  a  bright  glow  two  minutes  of  arc  in  extent;  and 
a  faint  star  with  an  aureola,  discovered  by  Tempel  in  Cetus 
(X.ti.C.  707).  proved,  when  scrutinised  by  Burnham  in  1891, 
to  have  a  minute  attendant  at  an  interval  of  10".6  A  still 
more  interesting  detection  concerned  a  nebulous  triplet  in 
Auriga  (N.G.C.  1931).  Discovered  by  Sir  William,  and  de- 
scribed by  Sir  John  Herschel  as  "one  of  the  most  curious 
objects  in  the  heavens,"  it  consists  of  three  stars,  the  brightest 
of  9*5  magnitude,  forming  an  equilateral  triangle  with  a  side 
of  aiKmt  8",  placed  precisely  at  the  centre  of  a  small  circular 
nebula.  Mr.  Burnham  had  repeatedly  inspected  it  with 
minor  instruments,7  but  it  needed  all  the  power  of  the  Lick 
refractor  to  bring  into  view  a  fifteenth-magnitude  satellite  at 
a  distance  of  little  more  than  2*  from  one  of  the  stars  of  the 
triangle.      As   a  test    for  "seeing"  facilities,   the    pair  is  of 

1  A<r,  and  Awtrophy$ic$1  Tol.  xiii.  p.  177. 

•  //•«'.  p.  181.  »  A*r.  Hack.  No.  2*83. 

*  Ibid.  No.  3111.  ■  Ibid.  No.  3101. 
'  Monthly  XtXica,  toI.  hi.  p.  442.  7  Ibid.  p.  464. 
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unsurpassed  delicacy.  Again,  a  wide  double  star  occupies 
middle  point  of  a  pretty  large  faint  nebula  in  Moaooe 
(N.G.C.  2182).  The  attendant  may  be  only  optically  such, 
the  circumstances  are  on  this  point  indeciMvt-.  The  chief 
star,  however,  was  found  by  Mr.  Burnham  to  be  double  in  * 
perfectly  unequivocal  sense.1  A  companion  of  nearly  iu  own 
magnitude  (8'6)  is  separated  from  it  by  a  spatial  gaj 
than  half  a  second,  and  the  two  must  assuredly  revolve 
their  common  centre  of  gravity.  Here,  indeed,  we  are 
fronted  by  a  profoundly  embarrassing  question.  The  couple 
are  evidently  plunged  in  nebulous  matter;  their  movement* 
must  then,  according  to  received  ideas,  be  impeded,  with  the 
result  of  an  eventual  collapse  of  the  system.  We  can  see  no 
escape  from  the  dilemma  except  by  adopting  the  startling 
hypothesis  that  the  nebulous  fluid  does  not  constitute  a  in- 
sisting medium  The  difficulty  greatly  enhances  the  interest 
of  spectroscopically  determining  the  velocities  of  bodies  nebu- 
lously connected. 

A  65  magnitude  star  in  Cepheus  (D.M.  +  57"  2309)  ap- 
peared in  a  photograph  taken  by  Barnard  in  1893  "  surrounded 
by  a  rather  unsymmetrical  dense  nebulosity."1  A  "hazy  glow' 
could  be  seen  with  the  Lick  thirty-six-inch,  which,  in  Bumham' * 
employment,  had  already  revealed  the  star  to  be  very  unequally 
double  at  4".s  A  first-type  spectrum  is  dubiously  ascribed  to 
it  in  the  Draper  Catalogue. 

The  nebulous  triplet,  t  Ononis,  has  been  more  completely 
observed  than  perhaps  any  of  its  congeners.  It  consists  of  a 
third  and  an  eighth-magnitude  star  11"  apart,  with  an  eleventh- 
magnitude  satellite  at  49",  described  by  Admiral  Smyth  a* 
"grape-red*'  in  colour.4  Sir  John  Herachel  perceived  the 
group  to  be  "  involved  in  a  feeble  nebula  3'  in  diameter** 
and  in  the  nebula  (N.G.C.  1980)  there  was  apparent  with  the 
Bosae  reflector  a  central  cavity  containing  the  bright  star- 
couple*  Possibly  the  effect  was  an  illusion  due  to  their 
effacing  radiance ;  but  this  cannot  be  taken  for  granted, 

1  PublindionM  tftM*  Verka*  OimrxaUrry,  tuL  i.  p.  75. 

1  JCiwtoUdpe,  ?ol.  xrii.  p.  17:  A*r.  Joan.  No.  417. 

»  Mlimtion*  <#  (A*  Ymkm  Otoerxviory,  *>L  l  p.  523. 

*  C«UMu>i  OycU,  p.  162  (txi.  1681). 

*   flfcfl,    Trans,  rol.  OOUL  p.  580. 

*  I  but.  roL  III  p.  614,  flg.  Ifl ;    Trans.  Iivyal  DMn  &**tf,  vol,  it  p. 


NEBULOUS  STABS 

"  holes "  in  nebulic  are  on  attested  phenomenon.  And  iltr 
early  observations  at  Parsoastown  approve  themselves  a* 
singularly  accural*  through  the  confirmatory  evidence  of  the 
beet  recent  phoUigrapliH.  The  antrum  of  4  Orionis  w  of  tb* 
helium  type,  and  Dr.  McClean  identified  in  it  throe  members 
of  the  Pickering  scries  of  hydrogen,  bcnidiv*  ninny  oxygen 
lines.1  The  wurrounding  glow  emit*  the  ordinary  nebular 
rays,  but  they  make  no  show,  either  directly  or  by  reversal,  in 
the  dispersed  Htellar  light  Yet  before  reaching  outer  space, 
that  light  has  to  traverse  enormous  volumes  of  incandescent  or 
luminescent  nebulium.  The  anomaly  presented  by  the  nhacnoc 
from  the  Fraunhofer  spectrum  of  the  solar  coronal  green  line 
is  here  repeats  in  an  umpha-siaed  i<>rm.  A  lon^  nebulous 
streak,  visible  only  on  sensitive  plates,  links  the  hazy  ap- 
pendage of  i  Ononis  with  the  great  formation  in  the  Sword- 
handle.' 

Far  away  in  the  northern  part  of  the  constellation,  there 
is  found  in  X  Orionin  a  combination  very  similar  to  thut  pre- 
sented by  the  nebulous  trio  just  considered.  A  yellow  i»h  and 
purple  pair  (X  738),  of  3'7  and  B'6  magnitudes,  at  4-2",  are 
immersed,  with  a  comparatively  remote  twelfth -magnitude 
attendant  at  29",  in  a  nebulous  haze,  photographed  by  Bar- 
nard in  three  hours,  17th  September  1893."  The  discovery 
was  at  once  telescopically  verified. 

Five  nebulous  stars  occur  together  in  a  narrow  region  of 
Sagittarius,  and  three  of  them  are  double.  The  two  apparently 
singlt*  are  Barnard's  stars,  already  mentioned.  The  pairs  are 
.\\<;.C.  6589  and  N.G.C.  6590,  both  first  noticed  by  Swift,4 
and  N.G.C  0595,  delineated  seventy  years  ago  by  Sir  John 
Hcrschel.  The  character  of  an  object  photographed  by  Dr. 
Roberta 4  near  the  spiral  nebula  M  81  in  Ursa  Major,  needs 
lo  be  more  satisfactorily  determined.  Known  to  Herschel  and 
d' Arrest  as  a  condensed  nebula  (N.G.C.  3077),  it  appeared  on 
th«*  sensitive  plate  with  a  sharp,  stellar  nucleus  in  lieu  of  the 
woolly  disc  visually  perceptible.6  The  spectroscope  may  per- 
haps help  towards  its  rightful  classification.     Nebulous  start 

1  Phil.  Trans,  rol.  czoL  p.  139. 

3  W   II.  Pickering,  Harvard  AnmmU,  vol.  xxxii  p.  66. 

1  KnoirUd.je,  foL  xril  p.  17.  4  A$tr.  Nmek.  No.  2707. 

Mo.Uhly  Sotict*,  rol.  xlix.  p.  S6S.  •  Ingall,  iHd.  p.  430. 
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merge  insensibly  into  stare  with  nebular  appendages,  sacfa 
ta  Ononis  and  <r  Scorpii.  The  former  has  a  dimly  luminoaa. 
carved  spur  running  oat  from  it,  besides  a  larger  mass  hogg- 
ing like  a  cloud  above  it  to  the  north  ;  the  latter  is  wingwi 
with  nebulosity,  two  pointed  projections  issuing  from  it  m 
divergent  directions.1  The  whole  of  these  appurtenances 
detected  photographically  by  Professor  Barnard.  Both 
afford  spectra  marked  by  helium  absorption.  The  relation*  of 
stars  and  nebuke  are  manifold.  Misty  trains  and  tails  of  all 
sorts  aud  sizes  huve  stellar  foci ;  they  emanate  from  stars,  or 
condense  into  stars ;  but  nebulous  stars  are,  properly  speaking 
what  Herschel  called  "stars  with  burrs";  they  give  the  »-u*' 
sharply  denned  diffraction-discs,  although  a  dim  halo  spread- 
more  or  leas  symmetrically  round  each.  The  nebular  element 
in  such  a  combination  is  entirely  subordinate  to  the  stellar 
while  in  stars  with  appendages  the  disparity  gradually  be- 
comes reversed. 

"  Rejected"  nebulous  stars  are  still  worth  attention 
view  of  the  possibility  that  they  may  be  subject  to  genuia* 
change.  The  case  of  55  Andromedie  is  particularly  instructive 
if  only  as  illustrating  the  propagation  of  error.  This  i*  a 
5*6  magnitude  star,  qualified  as  nebulooa  by  Flaznsteed  and 
Piazzi,  and  regarded  by  Sir  John  Herschel  as  a  typical 
specimen  of  a  huzy  star.  It  figures  as  No.  428  in  his  G+nsr*! 
Catalogue  of  Nebula*  (1863),  but  was  omitted  by  Dreyer  from 
the  revised  edition  of  that  work.  Sir  William  Hu^m- 
nevertheless,  observed  it  in  1864  to  be  "a  tine  nebulous  star 
with  a  strong  atmosphere ; "  *  and  since  he  used  a  very  perfect 
refractor,  his  confirmation  of  what  Herschel  had  seen  with  « 
reflector  had  an  independent  value  which  might  seam  la 
exclude  the  hypothesis  of  association  in  optical  illusion.  Yet 
neither  Lord  Rosse  in  1848  nor  d'Arrest  in  1856  had 
perceived  any  trace  of  nebulosity,  and  Schjellerup.  daring 
some  years  previous  to  1866,  always  found  the  star  sharp-' 
So  again  it  appeared  to  Mr.  Buruham  in  1879-80,*  and  ■> 
it  seems  likely  tn  remain.  We  can,  however,  scarcely  persaada 
ourselves  that  several  eminent  observers  conspired  to  blunder, 

*  Popular  JUron^my,  Sept.  1897,  Mk  M*.  212. 

*  Phti.  Tram.  vol.  cliv.  p.  442.  '  Air,  Jimtk.  No.  161 ',. 

■  UmMy  Notice,  val  xliL  V.  141 
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and  Schjellenip'n  theory  that  Vuuzi  merrly  repeated  Fhua- 
steed's  note,  which  crept,  he  supposes,  into  the  Britkh  Cata- 
logue by  a  transference  from  the  great  Andromeda  nebula,  u> 
rendered  unacceptable  by  the  < uvunistanee  that  65  Andromeda 
follows  the  nebulous  structure  held  to  have  been  confused 
with  it  at  an  interval  of  c«>n*idrral>Iv  more  than  ojh-  hour  ol 
right  ascension  Nor  even  if  so  extraordinary  a  mistake  had 
been  made,  wa.s  Vwm  capable,  one  would  think,  of  copying  it 
unawares.  Hi*  high  astronomical  reputation  suttices  m  itself 
to  clear  him  from  the  charge  of  such  astounding  carelessness. 
The  spectrum  of  the  star  resembles  thai  of  the  sun,  u  tyjie 
never  yet  unequivocally  associated  with  nebulous  attachments. 
On  the  other  hand,  the  normal  quality  of  the  light  rendrn* 
their  optical  creation  more  difficult  of  explanation.  Thus  the 
nebulous  aspect  of  5  5  Andromeda-  must  stand  over  as  one  of 
the  unsolved  problems  of  astronomical  history. 

A  similar,  but  1ms  convincing  case  is  that  of  8  Canuin 
Venaticorum.  On  four  separate  occasions  Sir  .John  Herschel 
noticed  this  fourth -magnitude  star  to  U»  surrounded  by  a 
"considerable  atmosphere."  Vet  miht  im  wo*  U*for«*  or  -iM«-v 
him  has  vouched  for  its  presence,  he  was  presumably  deceived. 
The  spectrum  of  8  Canum  is  of  the  solar  class. 

Finally,  a  7*5  magnitude  star  in  Cetus,  discovered  as 
nebulous  by  Stephan  at  Marseilles  in  1880  ■  (N.G.C.  988), 
a|ijK'ared  to  Iturnham  and  Barnard  in  1891  devoid  of  any 
such  jieculiarity."  A  photograph  taken  with  suitable  exposure 
would  nerve  decisively  to  test  its  present  condition.  The 
criterion  might  indeed  fail  with  stars  so  bright  as  55 
Andromeda*  and  8  Cunum  Venaticorum;  for  their  imprinted 
discs  would  lieconie,  through  chemical  irradiation  in  the  time 
needed  to  bring  out  faint  glows,  sufficiently  distended  for 
their  obliteration. 

In  connection  with  nebulous  stars  two  lines  of  inquiry 
open  out.  First,  the  spectroscopic  The  scanty  evidence  at 
our  <lis|Misil  is  to  the  effect  that  the  stellar  rays  of  such 
objects  an-  of  the  "Orion"  kind;  that  they  show  the  quality 
helifvcd  to  characterise  suns  in  a  primitive  stuge,  while  their 
uiuvulas    shine     like    gaseous     nebula*.        Hut    these     general- 

'  Cvhif>'f$  Rrndu*.  t.  xc.  p.  837. 
s  Monthly  A'cfiflu,  vol.  xlii.  p.  446. 
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isatioDfl  rest  on  »  very  narrow  basis  of  fact,  and  prol 
Admit  of  interesting  and  significant  exceptions. 
each  nebulous  star  should  be  treated  as  a  separate  spectro- 
scopic problem,  destined  to  afford  in  the  course  of  its  solution 
insight  into  many  obscure  secrets.  A  second  branch  of 
research  relates  to  the  structural  peculiarities  of  stellar  h&W 
Their  luminosity  is  seldom,  perhaps  never,  equably  distributed 
Its  irregularity  sometimes  goes  so  far  as  to  produce  the 
effect  of  dark  vacuities,  photographically  attested  to  be  no 
mere  visual  deceptions.  What  their  true  nature  and  orign 
may  be,  is  a  subject  for  inquiries  likely  to  be  long  and 
arduous.  It  is  scarcely  credible  that  they  are  what  ibej 
appear  to  be,  obscure  tunnels,  striking,  in  the  direction  of  the 
earth,  right  through  the  heart  of  immense  spheres  of  shining 
tenuous  matter.  The  alternative  view  is  preferable  that  U* 
so-called  "atmospheres"  of  stars  are  really  effluences — that 
they  consist  essentially  of  spiral  coils  wound  closely  enough  to 
merge  ordinarily  into  an  approximately  uniform  surface, 
while  leaving  in  certain  circumstances  conspicuous  gap* 
between  their  luminous  folds.  If  this  be  so,  nebulous  sun 
fall  into  Hue  with  cometary  nebulae,  the  trains  of  which 
take  a  more  or  less  completely  annular  shape ;  but  their 
nearest  allies  are  unquestionably  to  be  found  in  the  planeun 
family;  and  this  brings  us  to  the  subject  of  our 
chapter. 


OHAPTEB    XXXIV. 

rUNKTABY    NKBULA 

Planetary  nebul®  seem  to  be  intermediate  between  nebulous 
stars  and  annular  nebula*.  Indefinite  aureola*  art*  replaced  in 
them,  as  if  through  the  spreading  outward  of  nebulous  matter 
towards  a  limiting  spherical  surface,  by  compact  disc*,  and 
with  the  further  advance  of  thin  protean  <»(  «-\ti  ri«»r  romiensa- 
tion,  the  discs  become  rings.  A  stellar  nucleus  persists 
throughout  these  phases.  They  may  not  be  strictly  phase* 
of  development.  To  establish  an  actual  sequence  of  growth, 
facta  of  various  order*  should  be  considered.  As  a  simple 
matter  of  fact,  however,  objects  are  found  which  combine  so 
closely  the  visual  features  of  planetary  nebula?  and  nebulous 
stars  on  the  one  side,  and  of  planetary  and  annular  nebula?  on 
the  other,  that  their  classification  in  the  above  order  is 
prescrilred  inevitably,  if  only  for  mental  convenience. 

As  a  preliminary  to  the  physical  study  of  these  objects, 
we  must  try  to  attain  a  clear  conception  of  their  real  forms  in 
solid  space.  This  is  not  easy  when  their  structural  com- 
plexities an*  taken  into  account;  but,  setting  these  for  the 
moment  aside,  we  can  gather  some  indications  regarding  the 
tueiit*ral  plan  of  their  fabrication.  As  a  rule,  planetary  nebula? 
are  markedly  elliptical.  They  may  then  be  concluded  to  be 
spheroidal  in  shape;  and  even  those  sensibly  circular  are 
probably  spheroids  viewed  along  their  shorter  axes.  That 
their  compression  is  due  to  axial  rotation  is  a  fair  inference, 
verifiable,  [K»ssibly,  by  spectroscopic  measurements.  These 
were  indeed  I ne (fee tu ally  tried  by  Professor  Keeler,  3rd  April 
1801.  on  a  bright  planetary  in  Hydra  (N.G.C.  3242); '  but 

1  J'iM.  Lid  Obxrvatory,  vol.  iiL  p.  203. 
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he  doubted  whether  the  conditions  of  the  experiment 
the  detection  of  a  difference  in   the  velocities  of   the  ad 
and  retreating  limbs  of  the  nebula  of  leas  than  seven  or  tight 
miles  a  second,  and  the  movement  of  such  bodies  is  likely  to  W 
excessively  slow.      Otherwise  they  could  scarcely  be  supposed 
capable  of  holding  together ;  for  they  are  obviously  of  tenuos* 
composition,  and  gravity  at  their  equators  can  act  very  fieebl* 
in  equilibrating  centrifugal  impulse.1      Anil  here  an  untn^!  l 
field  opens  to  enterprising  inquirers.     A  theoretical   inveetigft- 
tion  might,  to  begin  with,  be  attempted  of  the  figures  whkfe 
should    belong    to    rotating   globes    of    the    kind   on    oeruk 
probable  assumptions  as  to  their  nature  and  modes  of  move- 
ment ;    and   the  results   might   lie  tested   by  the  application  to 
a    numl>er    of   promising    objects    of    Keeler's   spectrogzaphk 
method,  in  which  the  linear  images  of  an  equatorial  slit  serve, 
through  the  tilt  imparted  to  them  by  the  contrary  motions  of 
the  opposite  limbs,  to  measure,  in  miles  per  second,  the  speed  of 
gyration.      Small,  lucid,  strongly  elliptical  planetaries  would  \* 
the  niost  hopeful  subjects  for  experiment ;  nor  would  a  negative 
upshot  l»e  without  value.      The  Hydra  nebula,  for  instance. 
which  is  nearly  ns  much  flattened  as  the  globe  of  Saturn. 
equal  in  light  to  a  seventh-magnitude  star ;  it  is  aU< 
across,  and  somewhat   diffuse  at   the  edges."      With    it  may 
compared  a  condensed   planetary  in   Ophiuchus  (N.G.C.  61 
sometimes  called    Struve  No.  6  (S   6).      Its    light,  which  i* 
comparatively    intense,   emanates    from   a  small    disc    8 
diameter  (exclusive  of  a  hazy  margin),  with  un  ellipticily  of 
about  jg^j-      Professor  Keeler's  drawing  of  the  ohject  with  the 
visible  part  of  its  spectrum  is  copied  in  Plate  XX I II.  Fig.  2 
The  nucleus  is  not  stellar,  although  it  gives  strongly  continuant 
light.     The  lines  iti  its  spectrum  were  found  by  Keeler  to  b» 
displaced  upward  by  an  amount  corresponding  to  a  motif 
towards  the  earth  of  6*3   miles  a  second;"  but  this  motion 
should  be  considered  to  beloug   to   the  sun.  not  to   the  nebnk. 
Judging     by    its    appearance,    axial     acceleration    may    hare 
advanced  farther  in  it  than   in  most  members  of  the  cUa», 
and  might  record  itself  In  uu  equatorial  spectrograph.     The 

'  Cf.  J.  H.  Jtmns.  "On  the  SuluUtr  of  *  3ph«ric4l  KeboU."  rkiL 
vol.  sntK.  a,  p    i 

■  Ginori,  Air.  Ms*.  So.  8899.  i  £**  frUumtim*,  »©l  lii.  p. 
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trial,  at  any  rat*,  should  be  made.  AnUcijution  of  failure 
need  not  be  allowed  to  |Kiralj*c  effort.  In  science  the  rush  of 
a  forlorn  hope  often  carries  a  fortress  that  has  obstinately 
held  out  against  a  siege  in  regular  form. 

The  unifonuity  of  aspect  at  first  supposed  to  characterise 
planetary  ucbuke  disappears  U  i->r<-  the  searehing  scrutiny  of 
the  powerful  telescopes  now  in  use.  Their  surface*  prove  to 
be  full  of  suggestive  detail.  They  are  broken  up  by  irregular 
condensation*,  or  funuwed  l.y  the  .aeration  of  antagonistic 
forces ;  they  betray,  here  possibly  the  action  of  repulsive,  there 
of  attractive  influences,  ami  bear  inscription*  of  no  less  profound 
historical  import  than  the  contortions  and  faultings  of  terrestrial 
strata.  They  arc  quite  conunouly  multiplex  formations.  One 
glimmering  disc  is  superposed  upon  another,  intimating  tin- 
analogy  of  the  successive  filmy  envelopes  flung  round  the  head* 
of  active  e*> met*.  With  the  twenty-seven-inch  Viciuia  refractor 
Vogel  succeeded,  in  1883,  in  resolving  the  above-mentioned 
planetary  in  Ophiuchus  (N.G.C.  6672)  iuto  three  distinct  layers.1 
doubtless  representing  concentric  ellipsoids  of  unequal  anti- 
quity. A  triple  outpouring  of  matter  at  age-long  interval* 
seems  recorded.  And  the  ease  is  typical,  although  the 
nebulous  shell*  are  not  often  so  clearly  defined.  This,  however. 
is,  on  the  one  hand,  a  matter  of  telescopic  seeing ;  on  the 
other,  perhaps  of  evolutionary  progress.  By  way  of  illustra- 
tion, let  us  take  as  the  first  term  of  a  sequence  an  average 
nebulous  star,  such  as  that  detected  by  Auwera  in  Auriga 
(N.I2.C.  2175);  next  in  order  we  might  place  an  object  near  16 
Cygni  (N.O.C.  6826),  in  which  the  "glow"  has  become  com- 
muted into  a  large,  round,  seemingly  uniform  disc.1  Sir 
William  Herschel  described  it  as  "a  beautiful  phenomenon, 
of  a  middle  species  between  the  planetary  nebulae  and  the 
nebulous  stars."'  The  following  term  of  the  series  may  be 
found  in  a  planetary  not  far  from  7  Eridani  (N.G.C.  1535), 
< 'insisting  of  an  eleventh -magnitude  star,  embossed  upon  two 
concentric  nebulous  shields;  or  rather,  presumably,  enclosed 
within  a  pair  of  nebulous  globes  If  we  suppose  these  to  have 
U*. -u   produced  by  successive  outflows,  checked  at  a  limiting 

1  Sywtem  o/Uu  Stan,  p.  2M,  Fig.  S5. 

'  Puhl.  Lick  Obmntorp,  toL  iii.  p.  211. 

*  Phil.  Tra*i.  toI.  irii.  p.  522. 
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surface,  we  could  easily  see  that  the  occurrence  of 
access  of  ejective  energy  would  complete    the   model  of 
triple  specimen   in   Ophiuchus.     It  may  be  added    that  tl 
difficulty  appears  almost  insuperable  of  explaining  the  grow! 
of  multifold  planebaries  on  the  hypothesis  of  simple  coul 
A  repulsive  agency  in  a  manner  asserts  its  past  acti\ 

Let  us  now  imagine  one  of  these  spherical  envelopes  to 
hollow.     The  effect  to  the  eye  would  be  that  of  a  It 
ring.     And,  in    fact,  an  appreciable  proportion    of  j.L 
nebiike  show  an  interior  circlet  of  dim  radiance,  v 
hardly   be   otherwise   interpreted   than  as   the   projection  t 
a  plane  of  a  vast  nebulous  bubble.     This  mode  of  constructs 
is    fully  carried   out  in    "  annular  nebulse " ;    it   is   partially 
realised  in  not  a  few  specimens  in  which  a  ring  wit: 
is  perceptible  or  conspicuous.      All  will  be  considered  togel 
in  the  next  chapter;  in  this  we  are  concerned    only 
examples  devoid  of — so  to  speak — symptoms  of  in  Hut  ion. 

The  largest  planetary  in  the  heavens  lies  south-east  of  the 
second  Pointer,  /3  Ursie  Majoris.     Discovered  by  Mechain  in 
1781,  it  was  numbered  97  on  Messier's  list  (N.K  <     ;;" 
and  has  been  extensively  and  carefully  observed.      Its  dime; 
sions  were  given  by  Lord  Kosse  in  1874  as  163"' 
but  the  major  axis  measures  203"  on  a  photograph  taken  by 
Dr.   Roberts,  with  an    exposure  of  four   hours,    20th  A] 
1895,?   and    reproduced,    by    his    kind    permission,    in    Plal 
XXIV.  Fig.    1.     The  observational  history  of  the  object 
extremely  curious.     Sir  John  Herschel  saw  "  a  large, 
nebulous  disc,  quite  round,  very  bright,  not  sharply  defined, 
yet  very  suddenly  fading  away  to  darkness."  *     On  2nd 
1848,  however.  Lord  Rosse  perceived  a  doubly  perforated 
face,  with  a  stur   in  each   cavity,4   and    his  observations 
confirmed   by  Dr.  Robinson.     The  drawing  representation 
them  is  a  record  of  permanent  interest      The   reaciul 
to    an   owl's  face,  given    to  it  by  the   symmetrically 
uriili,    is    tinmitftukuMe ;    and    the    great    planetary   in     \'\ 
Major  became  known,  from  the  middle  of  the   hut  oetil 


1    7V.i>i.v  Ji'iyaJ  IhiUm  Society,    to),  ii.  p.  V3, 
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■  Pk&  Trwu.  vol.  exxiii.  p.  <02. 
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as  the  "Owl  Nebula."  The  n»mo  hitfl  survival  the  miui 
lahty.  On  9th  March  1850  the  two  stars  were  noted  at 
Parsonstown  shining  as  usual  in  their  respective  excavations; 
five  weeks  later  the  fainter  one  had  vanished ; '  hot  could  it 
ever  again  be  found,  though  looked  for  about  forty  H 
during  the  ensuing  quarter  of  a  century.  To  Professor  Keeler 
in  1891  '  the  nebula  wore  indeed  an  entirely  different  aspect 
from  that  previously  attributed  to  it.  "  There  in  but  one 
nucleus,"  he  stated,  "  which  ia  by  estimation  almost  exactly 
central,  at  a  place  which  in  Lord  Boose's  drawing  is  occupied 
by  a  bridge  of  light  between  two  dark  openings.  There  is 
also  but  one  central  dark  space."  Nevertheless,  two  appear 
in  the  Crow  borough  picture,  like  lagoons  separated  by  an 
isthmus,  and  on  the  isthmus  there  is  planted,  as  it  were,  a 
lighthouse,  diffusing  a  brilliant  illumination.  Thus  the 
interior  vacancies  remain  in  statu  quo,  while  the  stars  that 
formerly  occupied  them  have  both  faded  out  of  sight,  leaving 
the  predominance  to  a  third,  not  identical  with  either.  The 
change,  in  short — admitting  that  there  has  been  change — 
relates,  not  to  the  structure  of  the  nebula  itself,  bat  to  the 
relative  brightness  of  three  connected  stars.  The  question 
whether  those  at  present  extinct  will  over  become  revivified, 
ran  U-  answered  only  by  prolonged  experience.  Dr.  Roberts 
thought  that  his  photograph  indicated  for  the  nebula  a  com- 
bined ring  and  disc  formation;9  but  this  ia  not  manifest 
Thr  picture  affords  no  verification  of  the  marginal  inequalities 
recorded  at  Pursoustnwn  ;  yet  there  is  reason  to  believe  that 
I  hey  were  not  illusory.  The  torn  and  jagged  contour,  which 
Professor  Alexander  expounded  as  the  effect  of  "disruption 
and  dispersion  outward,"4  may  come  into  view  in  representa- 
tion-* on  a  larger  wale,  taken  with  special  precautions  for  the 
definition  of  minute  details. 

Thr  suspected  alteration  of  the  Owl  planetary  accentuates 
the  in  ill  for  keeping  watch  over  nuclear  stars,  more  especially 
<nnr  they  present  unexplained  peculiarities.  Their  light  is  of 
purrlv  stellar  quality,  but  of  remarkable  actinic  power.     They 

1    rhil.Tran*.  vol.  ell  p.  "21. 

3  1'ubl.  Lick  ObxTTaiory,  vol.  iii.  p.  'J03. 

1   Monthly  Sotitt*,  vol.  Ivi.  p.  379. 

*    .f«/r.  Jtiurn.    Vol.  li.  p.  141. 
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are  very  much  brighter  chemically  than  visually.  Further. 
they  often  give  nebulous  images  on  the  sensitive  plate,  while 
appearing  sharp  with  the  telescope.  In  some  rare  oases  (•* 
in  N.G.C.  6781),  they  are  eccentrically  situated.  Buraban 
is  prolmbly  justified  in  regarding  the  possession  of  a  central 
star  as  an  essential  feature  of  planetary  nebuke,1  although  it 
is  occasionally  undiscernible  with  the  telescope.  N.G.C  6563 
in  Sagittarius,  and  N.G.C.  7354  in  Cepheus,  are  examples  *f 
nebulous  discs  unrelieved  to  the  eye  by  the  sparkle  of  any 
stellar  points ;  and  a  beautiful  little  planetary  in  Perseus,  dis- 
covered by  Barnard  1 1th  December  1  890,*  is  of  similar  aspect. 
The  missing  nuclei,  however,  of  all  such  objects  would,  it  is  toler- 
ably certain, become  manifest  in  long-exposed  photography 
should  accordingly  be  taken  for  the  purpose  of  deciding  a  point 
of  fundamental  importance  in  the  economy  of  planetary  nebuL* 

Perhaps  the  most  noted  memtter  of  the  class,  from  the 
numerous  experiments  of  which  it  has  been  made  the  subject, 
is  located  in  Draco  (N.G.C.  6543),  quite  close  to  the  pole  of 
the  ecliptic.  To  ordinary  observation  it  presents  a  greenish  - 
blue  surface,  22"  by  18",  centred  on  a  vividly  white  star  of 
the  tenth  magnitude  ;  but  Professors  Holden  and  Schaebr-rW 
recognised,  with  the  lick  refractor,  its  "  helical  "  conforma- 
tion.4 Two  brighter  intersecting  hoops,  perceived  at  s 
glance  t-»  diversify  the  dise.  fell  into  position  on  closer  scrutiny 
us  the  thread  of  a  screw,  uniting  their  curves  into  one 
continuous  tri-dimensional  spiraL  The  discernment  of  this 
novel  form — believed  to  \te  typical — was  a  suggestive  contri- 
bution towards  what  might  be  termed  the  solid  geometry  of 
nebulae.  Speculations  as  to  its  mode  of  origin  would,  however. 
be  premature  until,  by  the  unerring  testimony  of  the  r*m—* 
it  has  been  definitively  proved  to  subsist. 

Tin-  Draco  planetary  was  observed  on  the  meridian  by 
Lalande  26th  July  1790,  aud  there  are  no  good  grounds  for 
holding  it  to  have  since  shifted  appreciably  from  the  place 
then  assigned  to  it  Iturnham,  it  is  true,  has  found  a  pro- 
gressive diminution  of  the  distance  between  the  central  star 
of  the  nebula  and  one  external  to  it,  amounting  to  O'OSS" 

1  PM  Lick  Ohtrraiory,  rot  iL  p.  15P. 

»  Attr.  AW*.  No.  3017  ;  Durnhui.  Umthi*  Notion  t«1.  lit  fti  33,  4«» 

'  Ibid.  rol.  xlriii.  p.  3W. 
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annually;1  but  the  movement,  if  real,  may  confidently  Us 
ascribed  to  the  disconnected  gur.  !Qm  nebula  is  indeed  very  far 
from  being  stationaiy  in  space.  1'rofeasur  Keeler  determined  in 
it  spectroscopically  in  1891  fl  vdnriLy  of  approach  towards  the 
solar  system  of  forty  miles  ■  second  ;*  and  its  apparent  fixity 
on  the  sphere  is  doubtle*^  only  an  efltat  *>i 
nesa  Some  attempts  to  determine  its  annual  parallax9  Imvu 
resulted  only  in  showing  it  '  ill  "  below  comput*-."      From 

the  prismatic  examination  of  this  object,  1st  August  1864,  Bfa 
William  Huggins  learned  the  existence*  of  gaseous  nebula*. 

A  nebula  in  Cygnos  (N.<M.\  G826)  was  descrihed  by 
Mr.  Burnham  as  "  almost  nn  exact  duplicate  "  of  the  planetary 
in  Draco.  It  is  nearly  circnlur,  the  longer  diametsji  PaMmiflg 
nearly  27",  the  shorter  1U'\  The  nucleus  is  very  bright 
(8*8  magnitude),  and  gives  a  strong  cotaimnmM  Kpfcrruiu. 
The  light  from  the  disc,  too,  includes  an  unusually  largo  white 
ingredieut4  The  radial  motion  uf  this  nebula  in  very  small . 
it  approaches  the  sun  by  V*  ."»  mile*  a  wcowl.  Hut  the  sun  i* 
travelling  on  its  own  ace-omit  towards  its  place  at  a  tnuoh 
higher  rate  of  speed,  so  that  tie-  apparent  sluggishness  of  the 
nebula  indicates  that  it  in  rvally  moving  away  from  us,  iU 
measured  juice  representing  only  the  velocity  with  wliich  our 
system  gains  upon  it. 

The  spectra  of  planetary  nebula;  are  fundamentally  alike ; 
they  differ  only  in  details.  About  forty  bright  lines  have 
Ut'ii  determined  in  them,  visually  and  photographically,  and 
they  are  invariably  tine  and  sharp,  as  if  emitted  by 
materials  of  great  tenuity.  They  seem  hazy  only  just 
where  they  cross  certain  diffuse  nuclei ;  and  this  feature 
scents  to  imply  a  gradual  condensation  of  the  nebulous  stuff 
towards  the  central  moss,  which,  in  such  cases,  cannot 
properly  lie  called  a  star.  The  essential  characteristic,  however, 
of  nebular  light  is  the  presence  in  it  of  the  ray,  or  rays,  of 
nebulium."  This  is  the  one  sure  criterion  by  which  gaseous 
nebula*  can  In-  diKtinguished  from  stars/     The  chief  nebulium 

'  Mmthl'i  S'<4iff*.  vol.  lii.  p.  40  ;  Publ.  Lit*  Obtrvatoiy,  vol.  ii.  p.  165. 
;  IK-t.  vol.  iii.  p.  217.  *  A*r.  Satk.  No.  1886. 

*  PuM.  Lift  fM-Mrraiflty,  vol.  iii.  pp.  212,  217  (KmIit). 
1  This  <iMH*rtion  mu.it  )#■  <|u*)iti«]  if  Mist  Guumd'i  observation  of  the  lino 
\  ;.007  in  n-rtaui  mi-mi*!*  of  the  WolMUyet  family  be  *nbat*ntiatetl     Harvard 
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line  has  a  wave-length  of  X  5007,  and  is  ■! 
colour.  With  it  is  constantly  associated  a  ray  about  one-third 
as  bright  at  \  4959,  and  the  invariability  of  their  relation 
lends  strong  probability  to  the  opinion  that  both  emanate  front 
the  same  substance1  A  strong  ultra-violet  line  at  X  3727, 
photographed  for  the  first  time  by  Sir  William  and  Lady 
Huggins  in  1882,  perhaps  claims  an  identical  origin.  Thin. 
however,  remains  doubtful  in  the  absence  of  decisive  evitlenor 
that  it  is  an  unfailing  constituent  of  the  nebular  spectrum 
The  green  gas  designated  "  nebulium  *'  is  unknown,  so  far. 
terrestrially ;  nor  has  it  been  observed  to  shine  in  any 
of  the  heavenly  bodies  except  nebulie.  There  is  reason  to 
believe  it  denser,  or  at  any  rate  leas  diffusive  than  hydrogen. 
An  object  catalogued  hi  the  Southern  Durchinusteruug 
as  a  ninth-magnitude  star  under  the  title  SJX1C  —  IS 
1172,  was  found  by  Mrs.  Fleming  in  1891  to  give  the 
spectrum  of  a  planetary  nebula.  But  hydrogen  glow*  in 
it  with  unusual  intensity.  The  relative  hrightness  of  tbr 
three  green  lines  is  estimated  by  Canipliell  *  to  be  ordinarily 
10:3:1,  F  (H/3)  being  the  faintest  mid  most  n- frangible. 
But  the  proportion  in  the  planetary  near  Rigcl  is  10  : 
In  other  words,  hydrogen  is  of  seven  limes  its  normal  lustre 
comparatively  to  nebulium.  Further,  the  three  lines,  when 
viewed  through  an  open  slit,  form  discs  of  severally  11",  9". 
and  1 4"  diameter.  Here  then,  apparently,  a  hydrogen  -en  velopr 
constitutea  an  outer  shell  to  the  nebulium-sphere ;  and  a  gas 
that  rises  higher  than  another  is  presumably  specifically 
lighter,  although,  in  view  of  the  enormous  altitudes  attained 
by  calcium  vapour  near  the  sun,  the  inference  must  br 
regarded  as  subject  to  qualification.  Certainty  on  the  point, 
and  on  many  others  connected  with  the  physics  and  chemistry 
of  nebula,  may  be  said  to  be  unattainable  until  nebulium  10 
captured  in  the  laboratory.  And  the  prospect  of  thia  achieve- 
ment,  although  not  hopeless,  is  remote. 

The  following  table  gives  the  wave-lengths  ami  nrigiiw. 
when  they  are  known  or  can  be  conjectured,  of  forty  bright 
lines  in  the  spectra  of  planetary  nobuue.  A  few  are  common  U< 
all,  notably  the  trio  in  the  green,  with  about  half  a  dom  of 

1  Wilting  and  .Sohtiner,  AMr.  Nock.  No.  MOB. 
*  Qunphctl,  -**''  <■"*  Attnphytia,  vol.  liil    ft.  IM. 
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the  blue  and  ultra-blue  hydrogen  lines,  while  other*  ** 
individual  in  their  occurrence  ;    but,  on  the  whole,  bodiM  of 
thw  class  seem  to  be  of  remarkably  uniform  lUirtHwlWl 

LlNtB    OBSBBTkD    fi*    THK    SrECTJU     OK     Pl*>LTA«T     N*OVL* 


WwUngth. 
CB63 
6876 
6761 
6680 
6640 
6412 
6313 
6183 
6007 
4969 
4861 
4790 
4743 
4716 
4688 
466* 
4643 
4610 
4697 
4574 
4472 
4390 
4363  l 
4341 
420*5 
4145 
4122 
4102 
4067 
4026 
3970 
396H* 
38H9 
3BA91 

3795 
37  6M 
3727 
34*10 
33911 


OrfctiL 

Hydrogen  (Ha). 

IMmm  <ME>. 

Oiygeu  1 

Unknown. 

Union  wii. 

Hydrogen  ;  Pickfring  wriu*  ? 

Unknown. 

Unknown. 

Ktballum. 

K.lKilium  f 

Hydrogen  [11  fi) 

Unknown 

Unknown. 

Unknown. 

Hydrogen ;  Rydbvrg  mrbm  I 

Unknown. 

fflirapn  I 

Niimpeo  I 

\.  !-■:■.„     | 

Silicon  1 

Helium. 

Helium. 

Unknown. 

Hydrogen  (Hy). 

Unknown. 

Unknown.  . 

Helium  7 

Hydrogen  (Ho> 

Unknown. 

Helium. 

Hydrogen  (H«). 

Unknown. 

Hydrogen  (H0. 

Unknown. 

Hydrogen  (Hn). 

Hydrogen  (Hff) 

Hydrogen  (Hi). 

Unknown. 

Unknown. 

Unknown. 


1  A  luniiui*  roDnovting  tlir.se  thro*  lion  into  %  wrir*  hu  been  publubed  by 
Mi.  k.  K.  J.  Low  {Monthly  Auticu  vol.  lzii.  p.  534),  but  their  conformity  to  It 
may  I*  purely  ncci<leut»l. 
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Several  of  the  Wolf-Rayet  lines,  it  will  be  observed. 
comprised  in  this  list,  notably  those  at  X  641,  X  469 
\  4(34.  And  the  absence  of  recognisable  metallic  rays 
strengthens  the  analogy  with  stars  of  that  peculiar  eleven [i- 
tion.  A.s  a  rule,  the  hydrogen  spectrum  in  pltoattfifil  begins 
with  the  green  line.  The  red  line  has  been  distinguished 
in  only  a  few  specimens,  which  appear  more  condensed 
than  the  rest.  Yet  it  would  be  rash  to  assume  tbftl 
is  really  the  case.1  The  relative  intensity  of  the  hydrogen 
lines  in  stars  and  nebulae  is  an  intricate  suhj»*  t,  ihr 
nullifications  of  which  have  yet  to  be  tracked  out.  The  coin- 
cident appearance  of  I>3  with  C  is  worth  notice  us  a  hint  that 
the  conditions  favourable  to  the  development  of  the  slower 
light-vibrations  are  the  same  for  helium  as  for  hydrogNt 
They  are  markedly  present  in  Struve's  planetary  in  Optij 
(N.G.C.  G572  =  G.C.  4390),  which  gives  a  complex 
spectrum  of  at  least  thirty  lines,"  accompanied  by  faint 
continuous  radiance.  Three  classes  of  fact  regard!  i 
are  recorded  in  Professor  Keeler's  sketch  of  the  portion 
of  it  accessible  to  eye-observations  (see  Plate  XXIII.  Fig.  2): 
tirst,  the  positions  of  the  component  rays  in  the  scalr 
of  wave-lengths;  next,  their  relative  lustre;  thirdly,  the 
extent  of  the  nebula  from  which  they  are  derived.  And 
it  is  of  interest  to  perceive  that  only  those  associated  with 
nebulium,  together  with  the  green  and  blue  lines  of  hydrogm 
(H^  and  H7),  seem  to  reach  the  limits  of  the  disc,  while  the 
others  are  radiated  only  by  its  central  par  Us.  Still  we  have 
to  remember  that  the  length  of  the  lines  must  depend 
to  some  extent  upon  their  intensity ;  and  that  they  may  be 
short  only  because  the  sections  of  them  given  out  by  dun 
regions  of  the  nebula  are  of  evanescent  faintness.  Professor 
Keeler  suspected  the  presence  of  dark  bauds  interrupt  u. 
continuous  light  between  D  and  X  5007,fl  and  they  will,  if 
vt.-rinVd,  supply  the  only  extant  proof  of  al>sorption  in  gaaeoat 
nebuhe.  The  nucleus  of  i  G  apparently  reinforces  the 
emissions  from  the  disc ;  but  it  is  plainly  not  a  genuine  *t*r 

1  Ferry'*  experiment*  «t  UpuU  io  1598  went  to  *how  thtt  C  ?»tu  a,  rvbtivr 
*tr*ngt)i  with  di'ni irsht ti if  preMuro  {/'Aj/tital  JUrietc,  vol.  rii.  p.  6J. 
•  Ctmpl«U,  A*t.  ami  A$t rv/ Jiy$**t  rot  jciii.  p.  4M. 
»  P*hl.  Lick  OtmrvaJwy*  vul.  iii.  p.  209. 
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Farther  spectrograph  ic    investigation   of  the   object  in   most 
desirable. 

In  the  Draco  [>lanetury  (N.CC.  $!>*'*'•).  on  tin  contrary. 
the  stellar  and  nebular  elements  of  the  spectrum  are  perfectly 
distinct.  Some  of  the  bright  lines  tan  indeed  bo  seen  only 
when  the  central  star  is  outside  the  alit,  and  are  therefore 
<iue,  in  Professor  Campbell's  words,  **  to  the  nebula  proper,  as 
indeed  are  all  the  linos  observed,  and  there  is  no  evidence  to 
show  that  they  exist  at  all  in  the  central  «tar."  *  A  few  of 
those  registered  in  Blruvtfl  planetary  aw  missing  ben-,  parti- 
cularly the  hydrogen  line  (Pickering  series)  at  X  541  ;  but  0, 
Dg,  and  both  the  Wolf-Rayct  blue  radiations  are  pen  t ptibb -. 
while  the  leading  ultra-violet  line  at  X  3727  appeared  con- 
spicuously in  Von  Gothard's  photographs.'  The  relative 
strength  of  the  gr-ivn  lines  in  this  nebula,  as  determined  by 
Campbell,  is  10:3:9.  It  is  of  a  verd-antique  hue,  and, 
indeed,  the  nearly  total  suppression  of  rvd  rays  in  tin  n  li_-l. 
gives  to  all  planetanes  a  blue  or  greenish  tinge. 

One  of  the  DxirchmiiBUirun^  stars  in  Cygnus  (DM.  +  41* 
4004)  was  DOtioei  by  the  late  Prebendary  Webb,  14th 
November  1879,  to  have  a  hazy  disc,  some  10"  in  diannt*  i 
Stephan,  at  Marseilles,  independently  detected  its  nebular 
character,  and  Winnecke  compared  it  to  a  small  comet  with  a 
tenth-magnitude  nucleus  at  its  preceding  end.  Moreover,  the 
nucleus  is  double.  Professor  Keeler  described  the  object 
(N.C.C.  7027)  as  follows:4 — "This  is  the  brightest  nebula 
that  I  have  examined,  and  its  spectrum  is  exceedingly  interest- 
ing. The  nebula  is  irregular  in  outline,  and  contains  two 
central  condensations,  one  of  which  has  an  oval  and  fairly 
well-defined  outline.  The  other  is  much  fainter  and  more 
diffuse."  His  drawing  of  it,  made  at  the  great  telescope,  is 
copied  in  Plat'*  Will.  Fig.  3,  together  with  a  representation 
of  iis  spectrum.  The  nuclei  are  obviously  non-stellar.  The 
continuous  spectrum  of  even  the  more  conspicuous  member  of 
the  pair  is  not  incomjiarably  brighter  than  that  derived  from 
the   disc,  and    it   claims  all   the  emission    rays  as  properly, 

1    A.ttr.  awl  Jitroyhytirs,  vol.  iiii.  p.  49& 

*   Ibid.  vol.   xii.  pp.  62,  66. 

1  Antr.  Xarh.  No*  2293,  2293,  2909, 

4    I'ubt.  Lick  Obaervatorjf,  vol.  HI  p.  214. 


480 


PROBLEMS   IN   ASTKOPHYSICS 


though  not  exclusively  belonging  to  it.  Profeaeor  K 
accordingly  regarded  it  aa  "  in  a  much  less  condensed  \ 
than  the  nuclei  of  S  6  and  many  other  nebula?  of  its  kind.* 
its  exceptional  brilliancy  notwithstanding.  The  spectrum  of 
Webb's  planetary  is  remarkable  for  the  intensity  of  sotae 
usually  quite  subordinate  lines,  especially  of  the  Kydbonj 
hydrogen  ray  (A.  4688),  and  of  the  unknown  lint-s  at  \  4 
and  X  4363.  Campbell  could  just  identify  the  red  glial 
of  C,1  which  by  ita  faintness  evaded  Keeler's  survey ,  Dt 
was  made  out  by  both  observers,  and  an  unidentified  line  at 
X  3869  was  photographed  by  Von  Oothard  in  1892,  although 
his  plates  were  blank  at  the  place  where  the  significant 
X  3727  was  expected  to  appear.3 

A  companion  to  Webb's  nebula,  both  in  physical  aspect 
and  by  vicinity  in  the  sky  (N.G.G.  7026),  was  discovered 
spectro3Copically  by  Dr.  Copeland  in  1880.*  It  had,  howetex. 
been  observed  telescopically  by  Mr.  Burnham  seven  year* 
earlier.*  It  U  small,  bright,  duplex,  a  pair  of  diffuse  nuclei 
6"  apart  sustaining  a  filmy  structure  which,  viewed  with  tbc 
Lick  refractor,  suggested  a  comparison  to  two  sheaves  of  com 
laid  side  by  side."  Burnham  refuses  to  admit  the  planrUir 
nature  of  either  of  the  objects  in  Cygnus,0  yet  their  6poctra 
scarcely  allow  them  to  be  relegated  to  u  different  claaa.  The 
"  Rydberg  line "  is  equally  prominent,  relatively  to  their 
brightness,  in  both  objects.  From  the  cosmogonic  point  of 
view  they  are  of  high  illustrative  importance.  We  seem  to 
have  before  our  eyes  double  stars  in  slow  course  of  formation, 
and  preparing  to  break  loose  by  the  development  of 
revolutions  from  the  trammels  of  a  joint  rotation. 

Bi -nuclear  planetaries  are  not  uncommon.  One 
(N.6.C.  3195)  was  observed  by  Sir  John  Herschel  in 
south  polar  constellation  of  the  Chameleon,  and  is  depicted  in 
his  volume  of  Cape  Hesults.  The  nuclei  are  fairly  well 
matched  in  lustre,  and  will  perhaps  grow  into  a  double  star 
like  7  Virginia.      Their  spectrum   is  still  unrecorded ;  but  it 

1  J  fir.  and  Aatropht/nct,  rol.  xiii.  p.  408.  *  2bui.  vol  lit  pt  M. 

1  AMt.  AocA.  No.  2353 ;  Qoycrmets,  toL  i.  p.  1 

*  Monthly  Sotica,  toL  xndr.  p.  71. 

1  Kecler,  fuhl.  Litk  Ubmvatory,  vol.  Hi.  p.  21  i. 
•  Monthly  A'otiea,  vol.  hi.  pp.  *i,  4«. 
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will  be  of  considerable  interest  to  determine  whether  it 
exhibits  the  peculiaritieH  visible  in  those  of  the  double  plane- 
tariee  in  Cygnus.  Two  bright  patches  near  opposite  margin* 
of  the  circumference  give  the  nebula  in  Chameleon  somewhat 
the  air  of  a  reduced  copy  of  the  celebrated  "  Dumbbell "  in 
Vulpecula. 

Of  a  planetary  in  the  Poop  of  Argo,  originally  discovered 
by  the  elder  Herschel,  Lassell  wrote  at  Malta  about  1851  : ' — 
"  No  description  can  do  justice  to  this  singular  object,"  which 
is  "  not  beautiful,  for  it  has  no  symmetry,  but  wonderful" 
His  drawing  shows  the  disc,  which  had  appeared  to  d' Arrest 
perfectly  round,  as  pear  shaped,  with  multiple  condensations. 
So  that  a  quadruple  or  quintuple  star  in  embryo  may  here  be 
offered  for  our  contempl 

"  Stellar  "  nebulas  bavo  been  mostly  discovered  by  Picker- 
ing's method  of  sweeping  with  a  direct-vision  spectroscope. 
There  is  probably  no  radical  difference  between  them 
and  planetariee,  for  their  comparative  niinuU-m^a  may 
be  a  simple  effect  of  distance.  Or  they  may  be  con- 
structed on  a  reduced  scale.  We  should  naturally  expect 
to  meet  in  nebulas  a  variety  of  dimensions  not  inferior  to 
that  existing  among  stars.  Moreover,  they  are  all  alike 
gaseous,  and  give — so  far  as  is  yet  known — perfectly  similar 
spectra.  Nevertheless,  Mr.  Burnham  writes  of  the  stellar 
kind  as  u  very  small,  bright,  round  nebulae,  which  in  a  small 
instrument  would  resemble  stars  slightly  out  of  focus,  but  do 
not  appear  to  come  within  the  planetary  class."  *  An  admir- 
able s]KH;imen  was  detected  spectroscopically  by  Pickering 
10th  July  1882.  Previously  registered  as  a  9*4  magnitude 
star,  it  took  rank,  on  the  strength  of  its  bright  lines,  as  a 
sVlbr  nebula  (N.G.C  6790).  The  Lick  thirty-six-inch  showed 
it  to  Imj  round  and  luceut,  with  a  minute  nuclear  point*  A 
miniature  of  Struves  planetary  in  Ophiuchus  seemed  to  float 
in  the  Held  of  the  telescope.  Without  a  slit,  the  spectrum, 
examined  by  Keeler,  resembled  three  tiny  greenish  start, 
thai  formed  on  1 1/9  being  much  the  faintest.  This  stellar 
nebula  accordingly  is  analogous  to  Webb's  planetary  in  the  feeble 

1    Memmn  Hat/al  Attr.  Society,  roL  ixiii.  p.  61. 

-'  Monthly  Notices,  rot.  Hi.  p.  31. 

'  Publ.  lick  Ob$ercatoty,  »ol.  Hi.  p.  211. 
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glow  of  iis  hydrogen  constituent.  Another  pseudo-star 
Aquila  (N.G.C.  6891)  disclosed  itself  prismatic-ally  to 
Copeland  in  1884.  It  has  a  disc  just  4"  across,  and  iu 
spectrum,  photographed  by  Von  Gothard  27th  October  1892.' 
includes  the  usual  range  of  nebular  linos  up  to  X 
besides  a  fair  admixture  of  continuous  light.  A  nebula 
the  fourteenth  magnitude,  visually  a  finished  star,  waa  noticed 
for  the  quality  of  its  light  by  Pickering,  25th  November  1881. 
near  the  star  i2  Cygni.*  More  conspicuous  members  of  the 
cIubs  have  been  identified  in  considerable  numbers  on  the 
Draper  Memorial  plates. 

The  crowd  of  small  nebulae  photographed  by  Dr.  Max 
Wolf  in  1901  comprised  a  remarkable  proportion  of  seeming 
planetaries.  They  were  collected  on  hia  platea  into  pain 
and  groups  in  a  manner  recalling  the  distribution  of  \ 
Rayet  stars,  but  not  previously  observed  to  characterise  that  of 
planetary  nebula*.  The  question  indeed  arises  whether  they  art 
really  such  ?  Or  do  they  rather  belong  to  "  that  much  lest 
interesting  class  of  objects "  designated  by  Mr.  Buxnham  a« 
41  small  circular  patches  of  nebulosity  "  \  The  spe*  trosoopv 
alone  can  decide,  and  its  verdict  should  be  elicited  without 
delay.  Upon  it  will  largely  deiiend  tin*  conclusions  to  b* 
drawn  respecting  the  affinities  of  the  planetary  family,  tlwir 
mutual  relations,  and  the  mode  of  their  scattering  in  apace. 

There  is  reason  to  believe  them  enormously  remote.  Foot 
have  been  directly  measured  for  parallax,  namely,  the  helical 
nebula  in  Draco,  the  bi-nuclear  planetary  in  Argo  (>" 
2440),8  Webb's  in  Oygnus,  and  a  structure  with  a  ring  and 
disc  in  Andromeda  (N.G.C.  7663).'  None  showed  the  lea* 
sign  of  perspective  shifting  when  viewed  from  opposite  aides 
of  the  earth's  orbit ;  and  the  demonstration  thus  afforded  of 
their  immense  distance  is  con  tinned  by  the  insensibility  of 
nebular  proper  motion.  This,  since  it  is  continually  pra- 
gressive,  must  eventually  prove  determinable,  and  comparisons 
of  its  amount  with  the  mean  radial  velocity  of  these  botfasft 
will  supply  a  criterion   for  their  absolute  localisation.      Pro- 


1   AMr.  and  JMrophptic*,  vol.  xii.  B  12. 
1  Otenufery,  tol.  t.  p.  M. 

■  DArr.it,  Uiyrig  Jbkandl.  Bd.  iii.  p  SOS,  IS57. 

«  Willing,  Adr.  Naek.  Km.  31 W,  S2«l. 
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feasor  Keeler  derived  from  the  line-displacements  in  the  spectra 
of  eleven  nebul »  h  value  for  this  iiuantity  of  sixteen  in i leu  u 
second  ;  and  by  sixteen  miles  a  second  they  should,  accordingly, 
on  an  average.  progress  along  each  of  the  otlier  co-ordinates 
fixing  their  position  in  apace.  When  corresponding  angular 
advances  have  been  established,  their  average  distance  can  then 
at  once  be  estimated.1  Let  us  assume,  for  instance,  that.  the 
eleven  nebula?  in  (question  Uikrn  one  with  the  others,  have  a 
secular  proper  motion  of  three  seconds  of  arc  ia  declination,  and 
as  much  in  right  ascension.  This,  although  the  outside  of  what 
is  probable,  implies  that  their  me«n  .Stance  corresponds  to  ■ 
light-journey  of  580  yearn  A  planetary  not  more  than  1 0*  in 
diameter  would,  if  thus  remote,  till  n  globe  start  600  times 
wider  in  girth  than  one  circled  by  the  orbit  of  Neptune,  and 
216  million  limes  more  capacious.  The  data  supplied  bv 
Professor  Keeler  are  indeed  an  obviously  insulhcient  ground- 
work for  extensive  generalisations ;  but  more  of  the  same 
kind,  and  it  may  be  hoped  of  not  inferior  rmality,  cannot 
fail  to  be  forthcoming  shortly :  while  the  precise  visual 
measurements  executed  by  Bumhaui,  Spiulcr,  Javellc,  and 
others  will  surely  serve,  after  some  decides,  for  the  det*c- 
tion  of  genuine  nebular  journeyings  across  the  sky.  A 
U*gimiing  of  definite  knowledge  will  then  have  been  made 
regarding  the  true  magnitudes  and  place  in  the  sidereal 
scheme  of  these  singular  objects.  It  must  not,  however, 
lie  forgotten  that  many  of  the  faint  stars  taken  as  fiducial 
points  for  their  micrometrical  determination  may  prove  to 
U-  satellites  of  the  neighbouring  gaseous  globes  drifting  and 
shifting  in  their  company.  This  disquieting  possibility, 
foreseen  by  Sir  John  Herschel  and  d'Arrest,  would,  of  course, 
if  realised,  vitiate  conclusions  as  to  parallax  or  proper  motion. 
Yet  the  work  done  for  these  purposes  need  not  be  looked 
niton  as  wasted  By  its  aid,  should  the  slow  revolutionary 
movements  of  stars  round  planetary  nebula*  ultimately  be 
brought  to  light,  a  new  department  of  sidereal  mechanics 
may  U-  founded.  Exact  determinations  in  astronomy,  made 
on  a  judicious  plan,  are  rarely  useless.  If  unprofitable  for 
their  designed  aim,  they  are  pretty  sure  to  turn  to  account  for 
some  other,  and  perhaps  a  higher  Olio. 

'    Kleiber,  A*r.  AVA.  No.  303V. 
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The    model    annular    nebula   is    the    beautiful    filmy 
situated  between  ff  and  7  Lyra  (N.G.C.  6720).      Di 
by  Darquier  at  Toulouse  in  1779,  it  appeared  to  Sir  Wi 
Herschel    a   simple    hoop   of  light,  quite    dark    within. 
"  gauze  drawn  over  the  hoop,"  spoken  of  by  Sir  John  Hi 
had  been   perceived    by   Schroter    in    1797,  and    with 
exposures  the  photographed  ring  fills  up  into  a  disc 
XXV.    is    taken    from    a    singularly    perfect    repi 
obtained  by  Mr.  W.  E.  Wilson  in  twenty  minutes,  while 
hour's    exposure    sufficed    to    blur    beyond     recognition 
characteristic  annular  aspect  of  the  structure.     Yet  the  hai 
thus  wrought,  iu  a  pictorial  sense,  is  compensated  by  the 
mental  significance  of  a  result  proving  the  interior  of  the 
to  be  far  from  vacuous  of  luminous  or  luminescent  mu> 

The   dimensions  of   the   ring   are  about   ST 
was  shown  in  the  Lick  negatives  as  an  exceedingly  com] 
structure.     "  It  seems,"  Professor  Keelcr  wrote,1  "  to  be 
up    of   several  narrower  bright    rings,  interlacing 
irregularly,  the  spaces  between  them  being  filled  with  faml 
nebulosity."      Many  bright  patches  and  condensations  di' 
the   main   annul  us,  which   is,  nevertheless,   fundamentally 
tinuous;  it  does  not  break  up  into  detached  knots  of 
losity.      The  light  is  strongest  near  the  extremities  of 
transverse  axis,  and  its  failure  at  each  vertex  of  the  sol 
conspicuously  shown  in  our  Plate,  was,  already  in  1785, 
by  the  elder   HeischeL'      It   is  accoii)|ianied   by   symptoms  1 

1  AttropK  Journ.  vol.  «.  p.  197. 
*  Aatr.  Jakrbudk,  178S,  p.  2*2  ;  flMZ,  7V»w.  vol.  Inr  p. 
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effusion,  marking  possibly  equatorial  outflows  due  to  rotative 
acceleration.  Lord  Rosse  in  1863,  and  Schults  in  1865, 
were  alike  struck  with  "  nebulous  radiations  in  the  direction 
of  the  longer  axis,  which  seemed  momentarily  almost  to  destroy 
the  annular  form."  They  issued  from  the  north-eastern  aide, 
while  a  similar  appearance  on  the  south- westerly  side  of  the 
nebula  was  observed  by  Professor  Holden  at  Washington  in 
18 75.'  He  perceived,  too,  with  surprise  that  the  south  end 
of  the  minor  axis,  which  Lord  Rosse  had  represented  as  the 
best  terminated,  was  unmistakably,  after  thirteen  years,  leas 
clearly  finished  than  the  north  end.  Similarly,  the  Lick 
thirty-six-inch  disclosed  in  1888*  the  whole  southern  margin 
as  filamentous,  by  a  kind  of  alternation  with  the  corresponding 
state  of  the  northern  edge  noticed  at  Parsonstown.  This 
tufted  or  fringed  effect  was  caught,  for  the  first  time  photo- 
graphically, by  Professor  Keeler.  The  oval  imprinted  on  his 
plates  was  fringed  on  both  sides,  and  his  measurement  of 
eleven  nebulous  projections  from  it  will  give  the  means 
of  detecting  any  future  variations  in  their  luminosity  or 
distribution. 

The  gauzy  stuff  in  the  interior  is  not  a  mere  formless 
light-mist.  A  drawing  published  by  Lord  Rosse  in  1844* 
represented  it  as  divided  into  longitudinal  striae,  and  their 
reality  was  continued  by  the  Crossley  photographs  after  fifty- 
five  yearn.  "  1  have  tried,"  l*rofessor  Keeler  wrote,  "  to  verify 
this  band-structure  by  visual  observation  with  the  thirty-six- 
inch  refractor,  and  have  fancied  at  times  that  I  could  catch 
glimpses  of  it ;  but  the  observation  is  a  most  difficult  one,  the 
contrast  of  the  bright  and  dark  bauds,  exaggerated  by  the 
photograph,  Wing  almost  too  slight  to  affect  the  eye."  The 
surprising  accuracy  of  the  delineations  made  with  the  Rosse 
KptH'iiluiu,  while  its  burnish  continued  unimpaired,  was  thus 
once  more  exemplified.  It  conveys  a  warning  against  lightly 
setting  aside  any  of  the  earlier  records  concerning  nebulie 
obtained  at  l'arsonstown,  even  when  they  imply  seemingly 
improUihlti  changes.  It  is  certainly  by  no  accident  that  the 
Htn.r  within  this  nebula  coincide  in  direction  with  its  major 
axi«  ,  nor  can  the  termination  of  the  transverse  axis  by  maxima, 

1  M ••«/*/./  Si* in*,  vol  inri.  j..  fltf.  ■  /6W.  toI.  xlviii.  p.  3P7. 

1    Phi/.    Trans.  Tol.  CXXXIT.    pl»t«  III.    fig.  29. 
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of  the  longitudinal  axis  by  minimi  of  brightness  l  be  regained 
as  casual  features.  All  tike  details  of  the  edifice,  in  fact,  are 
arranged  with  obvious  reference  to  its  apparent  shape,  and 
this  amounts  to  a  demonstration  that  the  elongation  is  iral 
The  nebula,  then,  is  not  simply  projected  into  an  oral ;  it  is 
not  a  circular  formation  viewed  obliquely.  There  seems  do 
escape  from  the  conclusion  that  it  is  an  ellipsoid  of  revofa- 
tion — that  the  bandH  follow  the  line  of  the  equator,  and 
originate  under  conditions  prescribed  by  the  rotation  of  the 
body ;  while  the  partial  interruption  of  luminosity  at  the  cnd» 
of  the  oval  mark  outflows  of  matter  where  centrifugal  vel 
overrides  the  holding  power  of  gravity.  Everything,  indeed. 
leads  us  to  suppose  that  this  nebula,  like  the  rest  of  its  kind 
is  actually  a  hollow  spheroid  of  shilling  fluid,  the  marginal 
brightness  resulting  from  the  increased  thickness  of  the 
luminous  shell  penetrated  by  the  visual  ray.  The  "  hoop " 
and  the  "  gauze  "  drawn  round  it  are  then  two  aspect*  of  lb* 
same  thing.  Nebulous  rings,  as  such,  probably  do  not  exist. 
They  would  l«  subject  to  perspective  effects,  no  tract*  of 
which  are  to  be  found  in  the  heavens.  Annularity  in  ncbaU 
may  accordingly  be  considered  as  a  purely  optical  modification 
of  a  different  structural  plan. 

A  glittering  point  of  light  occupies  the  centre  of  the 
anuulus  in  Lyra.  Many  anomalies  are  connected  with  it* 
visibility.  The  first  heard  of  it  is  in  1800,  when  Von  Hahn 
of  Remplin,  in  Mecklenburg,  was  surprised  by  its  disappear- 
ance." He  attributed  the  change,  not  to  loss  of  hjrht 
in  the  star,  but  to  the  nebulous  clouding-over  of  the 
black  lmekground  upon  which  he  was  accustomed  to  sse  it 
relieved  Unperceived  by  the  Herschels,  it  was  next  seen  hy 
Lord  Koese  in  1848.3  and  attracted  Father  Secchi's  attention 
at  Kome  in  1856.*  A  ten-inch  Steinheil  sufficed,  in  1865 
and  1867,  even  in  unfavourable  weather,  to  show  Harm's  star 
to  Hermann  Schultz  ; s  yet  it  unaccountably  evaded  the  de- 
liberate  scrutiny,  ten   years    later,  of   Professor   Asaph    Hall* 

1  Nulurt,  rul.  iliii.  p.  «i0.  »  Adr.  Jnkrbuch,  190t,  p.  10* 

*   Trun$.  iiayiU  ih$Min  SaciUy,  toL  ii  p.  152. 

4  Air.  A'ocA.  No.  1018, 

•  JVwo  AeU  SofUtati*  R.  tJptatitnsis,  war.  UL  ro!  Ii.  p.  w    1  <l 

•  Artr.   Sotk.  No.  S18& 
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armed  though  he  was  with  the  twenty -six -inch  Washington 
equatorial  The  name  instrument,  however,  displayed  it* 
evasive  sparkle  to  Mr.  A.  C.  Banyard,  23rd  August  187H;1 
while  to  Dr.  Vogel,  with  the  Newall  telescope  iu  1875,  and 
the  Vienna  twenty-seven-inch  in  1 88.'?,  it  remained  consistently 
imperceptible.1  Very  remarkable,  too,  is  it*  non-appearance 
to  Dr.  Spitaler  at  Vienna  in  1885,  when  he  carefully  de- 
lineated the  nebula.  u*  well  ;w  in  1886.  during  frequently 
repeated  verifying  observation*.*  The  iuterior  seemed  thwi 
to  contain  only  dimly  luminous  flocculea;  nevertheless  on 
25th  July  1887  the  Mar  caught  his  eye  at  the  first  glance. 
It  had,  in  the  meantime,  1st  September  3  886.  been  photo- 
graphed by  Von  f.Sothard,  and  has  since  abstained  from 
capricious  disappearances.  It  is  indeed  of  surh  exceptional 
actinic  power  that  the  camera  cannot  easily  lost1  sight  of  it 
Fainter  visually  than  the  fifteenth  magnitude,  it  needed 
only  an  exposure  of  one  minute  to  come  nut  distinctly 
on  a  Croesley  ncgutivo,  and  it  left  a  dim  impression 
in  half  that  time.4  With  all  exposures  the  image 
was  clearly  defined,  although  in  photographs  taken  with 
other  instruments  it  had  usually  presented  a  hazy  dim  Iu 
light  appears  to  be  of  normal  stellar  quality.  Its  maxi- 
mum of  intensity,  that  is  to  say,  falls  in  the  yellow  part  of 
the  8]>ectrum.  Both  Keeler  and  Barnard  agreed  that,  with 
the  Lick  and  Yerkes  refractors,  the  focus  for  the  star  was 
about  one-fifth  of  an  inch  shorter  than  for  the  encircling 
nebula.  Ami  a  similar  disparity  exists  between  the  nuclei 
and  discs  of  most  plan  eta  rice.  This,  however,  leaves  their 
8|>ocial  chemical  effectiveness  unexplained  ,  for  Keeler's  sugges- 
tion of  its  Iteing  due  to  ultra-violet  emissions  lacks  the 
sup|K>rt  of  known  facts. 

In  the  field  with  the  Lyra  nebula,  Barnard  perceived,  2nd 
October  189:1,  a  second  of  about  the  fourteenth  magnitude, 
:10"  in  diameter,  and  somewhat  irregular  in  shape.5  Professor 
Keelers  longest-exposed  negative  showed  the  new  object  to  be 
"  a  left-handed,  two-branched  spiraL" 

Iu  1H91  Mr.  Rurnham  measured  the  nucleus  of  the  ring 

1   A*tr.  Jour*.  No.  200.  *  Potsdam  Prtbl.  No,  14,   p.  35. 

1  Jgtr.  Sacti.  No.  2800.  «  AitropA.  Jtmn.  »o!.  x.  p.  190. 

•  A*t.  Js'ack,  No-  ItOO. 
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in  Lyra  with  reference  to  an  external  star  of  the  twelfth 
magnitude  which  closely  follows  it.  Eight  jean  later. 
Professor  Barnard  employed  the  forty-inch  Yerkes  telesn^r 
to  repeat  his  determinations,1  and  was  inclined  to  atUilutr 
a  slight  discrepancy  to  real  motion  in  the  nebula.  Bui 
the  Potsdam  plates  lent  no  confirmation3  to  a  suspicion 
which  will  probably  remain  long  unverified.  His  experience 
was  entirely  negative  as  regards  light-variability  in  any  pan 
of  the  object.  Alleged  changes  in  the  stellar  kernel  he  trans- 
lated into  genuine  changes  in  visual  facilities.  "The  fact." 
he  wrote,  "  that  the  nucleus  is  seen  on  a  nebulous  background 
makes  steadiness  of  the  atmosphere  a  most  important  factor 
in  its  distinctness — far  more  so  than  in  the  case  of  an 
ordinary  star  in  the  open  sky.  When  the  seeing  is  excep 
ally  good,  the  nucleus  appears  with  a  distinctness  strikingly 
in  contrast  with  its  ordinary  condition,  so  much  so  that  one 
has  to  guard  against  deception  in  supposing  a  real  change  of 
light- 
Nine  bright  lines  have  been  seen  or  photographed  in  thr 
spectrum  of  the  Lyra  an  mil  us,  that  of  shortest  wave-length 
at  X  3727  being,  according  to  Von  Gothard,  the  most  intense.' 
Hydrogen  shines  feebly;  no  C  has  been  recorded,  but  the 
Rydberg  ray  at  X  4688  was  detected  by  Campbell.'  Helium 
is  unrepresented;  since  a  violet  line  at  X  3869,  which  appears 
prominently  and  persistently  in  nebular  spectra,  cannot  he 
ascribed  to  that  substance.  It  chances,  indeed,  to  coincide 
approximately  with  one  belonging  to  a  known  series,  but  U 
itself  of  "  rare  and  strange  "  origin. 

Several  analogues  of  the  Lyra  nebula  have  been  discovered ; 
none  so  large  or  so  bright.  The  best  imitation  is  situated  in 
Cyguus  (N.Q.C.  6894).  It  measures  47"  by  41",  the  inner 
vacuity  20",  and  was  marked  "resolvable"  at  ParBonstown.* 
Needless  to  Bay  thut  the  sparkling  effect  which  conveyed  the 
impression  of  u  stellar  constitution  was  altogether  illusory. 
A  fifteenth -magnitude  star  near  the  interior  bonier  of  the 
ring  to  the   north-west  was  measured   by    Hurnham  in   1891.* 

■  MtmOily  Natit**,  vol.  fat  p.  246.  ■  Ait  p  I 

3   AHr.  and  A*rcphy*itt,  rol.  x\\.  pp.  52,  66. 
4  P+d.  vol.  xiii.  |     r.»:  ■  Tmm  ftyai  Ihibiin  Socuiy,  vcl.  U.  ^  161 

*  MontAiy  Xoticts,  vol.  lit.  p.  44. 
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The  true  nucleus  is  consideribly  fainter.  First  brought  to 
view  in  a  photograph  taken  bj  Dr.  Roberta  31st  August  1897/ 
it  duly  reappeared  in  one  of  flu*  (Wiley  pic  tun*  of  1809/ 
and  was  visually  discerned  with  the  great  Paris  siderostat  bj 
M.  Antoniadi,  17th  July  1900."  Thd  elongation  or  the 
annul  us  from  north-east  to  eouth-west  wn*  *  bviotjs  to 
him  no  less  than  the  faint  haze  with  which  it  is  filled 
Nothing  is  known  about  th*  spectrum  of  the  ring  nebula 
in  Cygnus.  It  doubtless  resfmblus  that  of  its  prototype  in 
Lyra. 

Even  more  scanty  is  the  information  at  hand  regarding 
"  a  beautiful  delicate  ring"  in  Scorpiv,  *U>ut  4u"  ***  J^mUr 
(N.G.C.  6337).  It  is  in  a  field  crowded  with  stars,  two  of 
which  are  projected  upon,  but  may  not  belong  to  it  Neither 
occupies  the  proper  position  of  a  nucleus,  and  the  one  seen 
by  Lassell  at  Malta  had  to  him  somewhat  the  aspect  of  a 
nebulous  knot4 

An  annular  nebula  in  Ophiucbus  (N.G.C.  6369)  was  found 
by  Mr.  Burnham  "  very  like  the  well-known  example  in  Lyra, 
except  in  brightness."3  A  central  star  of  14*6  magnitode 
was  probably  then  first  noticed.  The  longest  diameter  of  the 
riuy  measures  31":  the  edges  seemed  to  Sir  John  Herschel 
"  a  very  little  cottony,"  *  and  they  are  doubtless  fringed  with 
dim  iipix'iulagcs,  like  those  attached  to  its  model  in  Lyra. 
This  is  again  copied  in  an  object  discovered  by  Mr.  Gale  of 
New  South  Wales  in  1897,  or  perhaps  a  little  earlier.  It 
is  bright  enough  to  make  its  late  detection  somewhat  sur- 
prising.7 

Immerse* I  in  a  fine  cluster  in  Argo  (Messier  46),  a  nebula 
of  planetary  aspect,  about  60"  in  diameter  (N.G.C.  2438), 
drew  the  attention  of  Sir  William  HeracheL  The  Rosse 
reflector  showed  a  central  star  dominating  a  vacuous  interior, 
besides  two  stars  sparkling  on  the  condensed  border.8  Lassell 
perceived  in  the  object  a  resemblance  to  a  large,  dim,  com- 
[Hiuml    planetary   in    Kridanus   (N.G.C.  1535),  but  with    the 

1    CtltatuU  Photograph*,  vol.  ii.  p.  lftS. 

''  lull.  Paeijit  SiKisty,  toI.  xi.  p.  ISO.  »  KnowUdgt,  vol.  xiiiL  p.  860. 

4  \trmo\rt  Koyai  Attr.  Society,  vol.  izivi.  p.  47. 

•   Mvnfhly  Xvtitti,  vol.  lii.  p.  3*.  *  Cap*  JUiulU,  p.   114. 

'  Swift,  Pop.  AM.  December  1897,  r.  42S. 

"  Phil.  Trans,  vol*,  oil.  p.  513;  cli.  p,  7l«. 
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qualifying  circumstance  that  in  N.G.C.  2438  only 
"  stratum  of  nebulosity  "  was  discernible,1  This  single 
(construction  appears  characteristic  of  perfected  nebular  ring* 
and  such  the  inmate  of  the  cluster  in  Argo  has  declared  itself 
to  be.  In  a  photograph  taken  by  Dr.  Roberts,  24th  February 
I894,s  it  is  definitely  and  unmistakably  annular.  Thrt* 
stars  are  projected  upon,  or  contained  within  it,  we  cannot 
tell  which ;  although  one  by  its  nuclear  position  gives  sun* 
assurance  of  beiug  there  through  organic  relationship, 
can  we  venture  to  assert  that  the  nebula  is  really  in  the 
cluster.  It  may  only  be  thrown  accidentally  into  Line  with 
it.  Still  the  fact  that  Sir  John  Herschel  recorded  in  two 
cases  similar  collocations  of  planetary  nebula?  with  clustered 
stars*  inclines  the  balance  of  probability  towarda  the  ■ 
genuine  association.  One  of  these  groups  (N.G.C.  5979)  is 
situated  in  the  constellation  (Jircinus,  the  other  (N.G.C.  2 ^  18. 
near  the  mast  of  Argo. 

Certain  complex  formations,  intermediate  between  plane- 
tary and  annular  nebulas,  have  now  to  be  considered.  A 
striking  specimen  of  the  kind  is  met  with  in  Andromeda 
(N.G.C.  7662).  The  disc,  which  includes  perhaps  more  that 
one  ring,  measures  32"  by  28".  Alexander,  about  the  middk 
of  last  century,  and  Lassell  subsequently,  thought  the  struo- 
l.ure  bi-aunular.  Vogel '  and  Holden  remarked  its  warped 
and  twisted  appearance,  denoting  possibly  a  multiple  com- 
bination of  rings  thrown  oft"  in  various  planes  as  the  oatooatr 
of  long-past  crises  in  a  slow  process  of  development.  A 
central  star  surrounded  by  close  spirals  of  nebulosity  was 
seen  at  Parsonstown,6  but  evaded  the  scrutiny  of  O.  Stnnra  in 
1847,  of  Scarle  in  1866,  and  of  Vogel  in  1883.  LaaseU  per- 
ceived it  under  the  guise  of  a  minute,  bluish  disc.  Burnhatu  aa  aa 
ordinary  fifteenth-magnitude  star.0  Fig.  4  in  Plate  XXIII.  re- 
produces Professor  Keeler's  drawing  of  the  Andromeda  planetary 
with  its  visual  spectrum.7     "This  nebula,"  he  wrote,  "is  annular 


1  Utvunn  Jbfal  A#r.  Society,  rol.  xxiii.  p.  60. 
»  C*U*ial  Photograph*.  toI.  ii.  p.  85. 
Of*  RenUU,  p,  90,  pUU  tl  fig.  7.  •  fU*t«m  P*U.  Ko  14.  f. 

1  Phil.  TVawr.rol.  oli.  pitta  in.  fig.  10. 

*     Memlkiy  Xatitts,  vol    lit  p.  4S. 
7  PW.  ltdc  fMrnatory,  v*L  iii    p.  Sift. 
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with  a  bright  inner  ring  and  a  very  wnall  nucleus.  It  is  some- 
what elongated  north  and  south."  The  fourth  line  in  ti»* 
spectrum  is  the  "fundamental  "  of  Kydlwrgfs  hydrogen  series; 
its  unusual  strength  makes  it  the  equal  of  tin-  ordinary 
hydrogen  lines  on  either  sidt*  of  it.  The  spectrum  of  tin- 
nucleus  appears  to  be  perfectly  continuous,  save  for  a  ptmbk 
bright  knot  about  the  place  of  I)r  Campbell,  how.-v.-r,  I  *ught 
no  glimpse  of  this  radiation,  although  he  determined,  visually 
and  photographically,  eighteen  l.ri^ht  line*  in  the  spectrum 
of  the  nebula.1  We  subjoin  his  lint,  with  notes  and  com- 
ments between  brackets. 

Bright  Lnvss  eboorded  n*  N.O.C.  766S- 


W»Y«-lfltlgUl. 


640 
632 
6007 
4069 
4861 
4744 
4716 
4688 
4S63 
4643 
4472 
4364 
4M\ 
410'2 
4067 
4026 
3*69 
3H69 


Vary  faint,  diftVmlt  fWolMUyat  line  ;  Itnkena-ff  a-rt-V 

Very  faint,  difioalt (p<.wit.|y  ih»  rhrumoatihaHc  U»e  K  M74). 

Firtt  nebular  lina,  vwj  bright 

Seoond  nebular  Una,  T»ry  bright 

Hfi,  Tory  bright 

Paint  (origin  unknown 

Faint  (unknown). 

Very  bright  (Rydherg  hydrogen  line). 

Very  faint  (unknown). 

Faint  (nitrogen  T) 

Very  faint  (helium  ;  prominent  in  Orion  etara). 

Bright  (uuknown). 

H>,  very  bright. 

113.  very  bright. 

Very  faint  (unknown). 

Very  faint  (helium). 

H»,  v*ry  bright. 

V.ry  bright  (unknown). 


The  brilliancy  of  the  last  line,  in  view  of  the  faintness  and 
fewness  uf  other  helium  emanations,  confirms  the  inference 
that  its  association  with  that  substance  is  inadmissible.  Ex- 
|N*ritueiits  in  the  laboratory  would  nevertheless  be  valuable 
<m  the  behaviour,  for  instance,  of  the  adjacent  violet  line  of 
helium  in  a  mixture  of  that  gas  with  hydrogen. 

CainpUll  perceived  tliis  nebula  to  consist  "of  two  nearly 
coiuviitrir  rings  more  or  less  broken  up,  with  a  fourteen th- 
majfuitud*'  stellar  nucleus  near  its  centre."     Ingall   described 

1  Attr.  and  Atrophy**,  vol.  kUX  p,  499. 
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it,  18th  December  1885, l  asa  "superb  planetary,"  of  a 
greenish-blue  tint,  the  centre  not  quite  dark,  and  thus  fitly  w> 
be  called  annular.  On  applying  a  power  of  500,  *'  an  extra- 
ordinary structure  appeared  to  unfold  itsel£  The  bright  ling 
seemed  very  jagged  and  fringed  at  the  edges,  and  the  centre 
was  mottled  with  unequal  shades,  often  as  if  of  fuv>  ckrk 
centres."  The  note  made  on  it  at  Harvard  College  was 
"  Somewhat  annular;  edges  hazy."*  The  blue  colour  of  th* 
object  faithfully  corresponds  to  the  actinic  energy  of 
its  raya  In  two  seconds  of  exposure  to  them  the  CVaaky 
reflector  gave  a  weak  image,  including  a  barely  visible  central 
star,8  and  Professor  Keeler  obtained  finished  pictures  in  20. 
30,  and  60  seconds.  At  Potsdam,  in  1892-93,4  thirty-three 
impressions  were  taken  for  the  purpose  of  parallax -deter  mina- 
tions,  but  they  yielded  no  positive  result  They  afforded 
only  the  information  that  the  nebula  could  not  have  an 
annual  parallax  so  large  as  one-fifth  of  a  second  ;  and,  indeed. 
the  true  value  of  the  quantity,  judging  from  other  indica- 
tions, may  very  well  fall  short  of  one -tenth  the  assigned 
maximum. 

A  "sky-blue  likeness  of  Saturn"  in  Aquarius  (SAM, 
7009)  is  built  very  much  on  the  lines  of  the  Andromeda 
planetary,  but  with  the  addition  of  "ansa?."  These,  in 
1888,  were  resolved  by  Holden  and  Schaeberle,  with  t 
of  the  Lick  refractor,  into  a  pair  of  attendant  nebu 
situated  in  line  with  the  major  axis  of  a  strongly  elliptical 
and  subsensibly  united  to  it  by  evasive  gleams  of  illumi- 
nation.5 Yet  the  likelihood  is  small  of  their  being  really 
satellite-globes  revolving  in  the  same  track  at  ait  invariable 
interval  of  two  right  angles.  The  probabilities  of  the  caar 
oblige  us  to  believe  rather  that  the  original  interpretation  of 
them  as  the  extremities  of  an  annular  appendage  came 
the  truth.  An  analogy  indeed  suggests  itself  between 
and  the  nebulous  effusions  from  the  vertices  of  the  ring  forma- 
tion  in    Lyra.*       And   here  again   we   are   assured   that 


1  Engliik  AfteJuink,  rol  xHL  p.  311. 

*  JJtinurd  Annals,  Tol.  uxiii.  p.  144. 

1  hibt.  Pacific  Socirty,  No.  70.  p.  201,  I8l»». 

*  Sctaeiner,  Anlr.  JVaeA.  No.  8OS0 ;  W firing,  ibid.  No.  xm\. 

•  M-mthly  Notice*,  rol.  Stfflt  p.  S93.  *  JTuwMaf,  vol.  IV.  f.  lift. 
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mark  an  equator — that  the  dine  they  seem  attached  to  must 
be  the  projection  of  a  rotating  spheroid.  Intricacies  of 
interior  arrangement  an-,  ln.\v«\.r,  vi -i\-\< -,  ^howin^  the  pro- 
gress of  manifold  activities.  Two  dark  cavities,  extended 
parallel  to  the  major  axis,  and  helical  wisps  of  nebulosity, 
were  observed  by  Vogel  at  Vienna  in  1883.1  Keeler  saw  and 
photographed  a  somewhat  distorted  condensed  ring  measuring 
26"  by  16",f  and  Schemer's  plates  recorded  curious  spoke-lik.- 
projections  from  an  intensely  actinic  central  star.8  The 
spectrum  differs  from  that  of  tin*  Andromeda  planetary  only 
by  the  inclusion  of  thi>  enigmatic  "last  line"  at  X  3727. 
From  the  displacement  of  the  given  my  of  nchuliutu  K<rln 
determined  for  the  Saturn  nebula  a  movement  of  approach 
towards  the  sun  at  the  rate  of  thirty-one  milos  a  second,  only 
a  small  proportion  of  which  can  be  due  to  our  own  journey 
through  space. 

Sir  William  Herechel  observed  in  the  constellation  Gemini 
in  1787  "a  star  of  the  ninth  magnitude,  with  a  pretty  bright 
nebulosity  equally  diaper**!  all  around  "  (N.U.C.  2392).  Lord 
Kosse  found  in  it  a  dark  hole  close  to  a  slightly  enueiitix 
nucleus.4  D'Arrest  thought  the  object  might  be  called 
annular ;  s  Lassell  perceived  a  ring  surrounding  a  bluish  disc  ;* 
Si -co  hi  described  it  as  a  star  with  an  annular  aureola.7  H.  C. 
Key,  using  an  eighteen-inch  silver-on-glass  reflector,  noticed 
about  1868  *  a  concatenation  of  bright  and  dark  rings  besides 
the  patch  of  interior  obscurity  detected  at  Parsonstown.  To 
Burnham  the  nebula  in  Gemini  appeared  "one  of  the  most 
l>eautiful  objects  of  the  kind  in  the  heavens."9  He  assigned  to 
it  a  diameter  of  45."  Barnard,  finally,  was  impressed  by  its 
"  magnificent  and  beautiful"  effect  in  the  Yerkes  telescope10 
It  disclosed  to  him  n  ninth-magnitude  star  encircled  not  quite 
symmetrically  by  a  brightish  oval  ring,  partially  incomplete 
towards  the  south.  "  This  ring,"  he  continued,  "  which  is  well 
defined  inside  and  out,  is  surrounded  by  a  vacuity,  and  this  in 

1  /'otMtam  Pubi.  No.  14,  p.  M. 

3  /'tit-'.   Lxek  Observatory,  vol.  iii.  p.  213  ;  Astropk.  Journ.  toL  I.  p.  106. 

3  .K'r    .V.i. A.  N'ii.  30H.I.  «  Phil.   Trans,  vol.  ex!,  p.  514,  fig.  15. 

-  Abhuvih  I.xpxi-rr  Altui.  IH.  iii.  p.  321  ;  Attr.  Sack.  No.  1886. 

'■  Memoirs  li<n/al  Astr.  Society,  roL  xiiii-  p.  61. 

7  I.-  -  ftoi/s*.  l.  ii.  p.  10.  "  Monthly  Solves,  vol.  uriii.  p.  154. 

»  Jbui.  vol.  Iii.  p.  35.  »  Ihut.  vol.  Is.  p.  25*. 
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turn  by  an  almost  circular  broad  ring  of  light  leas  interne 
the  inner  ring,  and  with  a  distinct  break  in  it  north-preceding 
It  breaks  up  into  h  clouded  or  unequal  surface,  and  is 
irregular  on  its  inner  edge,  but  fairly  uniformly  circular  on 
outside  edge.     The  inner  ring  is  filled  with   a  nebu) 
whinh  has  a  black  spot  in  it,  south -preceding  the  nucleua*" 
That  the  perforated  effect  is  no  illusion  may  be   taken 
proved      Nor  is  it  subject  to  change.       It  has  obtrui 
now  for  half  a  century  upon  one  observer  after  another, 
divers  conditions,  both  instrumental  and  climatic     This 
then,  and  a  few  others  like  it,  betray  the  action  of  some 
strange  to  our  experience,  by  which  the  matter  contained 
extensive  region  is  either  expelled   thence,  or  its  1L 
faculty  suppressed. 

The  annular  nebula  in  Lyra  is  the  only  member  of  the 
that  has  been  satisfactorily  investigated.     Until 
possibilities  are  further  developed  there  seems  little  chaw 
dissipating  the  perplexities  that  still  envelop  its  nature. 
is,  by  direct  means ;   for  indirectly  much  may  1m?  done. 
parisons,  for  instance,  of  detailed  results  for  sister -object* 
to  prove  highly  instructive  as  to  the  laws  governing  the 
Htruction  of  all  alike.      Most  of  them   have  been   si 
neglected,  considering  the  interest  attaching  to  their 
ties.     The  hooped  nebula  in  Cygnus,  the  "  ghuM  "  in 
(rale's  unnulus,  the  ring  in  Ophiuchus,  should  he  pho 
with  long  exposures,  on  a  scale  sufficiently  large  to  bring 
view  specialties  of  texture  and  build.      Their  agreement 
certain  fundamental  relations  would  thus  be  tested,  and 
importance  as  a  guide  to  theories  of  their  mode  of  origin 
be  overrated.      Their  self-delineation        *ild,  however,  do 
accentuate  besides  that  variety  in  similarity  whkli 
the  whole  created  world,  illustraU    the  wealth  of  the 
disposed  of  by  Nature,  and  the  inexhaustible  inventivoBMi 
the  Mind  revealed  in  Nature. 


WW 


CHAPTER    XXXVI. 

TH*   ORION    NEBULA. 

The  first  place  among  irregular  m  Unite  is.  by  universal 
consent,  accorded  to  the  gleaming  formation  in  the  Sword 
handle  of  Orion,  Although  incidentally  referred  to  by 
Cysatus  of  Lucerne  in  1618,  it  n-<oi\«<l  litth- aiu-ution  until 
Huygens,  in  1656,  affixed  bis  note  of  admiration,  and  executed 
a  drawing  of  the  bright  oanr.il  |uirt,  Mill  known  as  the 
"  Huygenian  region."  Here  is  situated  the  trapezium,  the  huh. 
as  it  might  be  called,  in  which  all  the  spoke*  of  thu  great  wheel 
are  inserted.  A  photograph  of  the  group  in  reproduced  in  li*W* 
XXIV.  Fig.  2.  It  was  taken  by  Professor  W.  II  Pickering 
from  Mount  Wilson,  California.  29th  Septcuilier  1889,  with 
th«'  thirteen-iuch  Hoyden  telescope.  The  exposure  allowed 
wan  only  ten  minutes,  and  already  the  enveloping  haze  was 
thinning  to  cloud  the  images  of  the  stellar  sextett.  The  com- 
panions (which  seem  to  vary  in  light1)  of  the  two  brighter 
stars  an-  distinct  in  the  original  negative,  and  can  be  made  out 
m  the  figure,  one  as  a  tiny  blotch,  the  other  as  a  mere  deforma- 
tion of  the  lowest  and  largest  disc  The  physical  association  of 
these  six  stars  may  l>e  assumed  without  much  risk  of  error;  but 
then-  is  nothing  to  show  that  any  real  tie  exists  between  them 
and  four  adjacent  star-points,  at  the  limit  of  vision  with  the 
Lick  thirty-si  x-incli,  detected  by  Barnard  and  Alvan  Clark  in 
1880. 

The  nebula,  as  it  developed  on  a  plate  exposed,  under  the 
same  circiiinstaiMse.S,  during  2h  36m,  is  shown  in  Plate  XXVI. 
The  stars  of  the  trapezium  urc  here  completely  submerged  ; 
oiilv    their    influence    can    lie    traced,    or   suspected,    in    the 

1  Comas  Sola,  A*r.  Satk.  No.  3751. 
4S»5 
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symmetrical  arrangement    of  the    expansive    winga    of 
stretching  away  from  their  place.      These  are    by  do    in 
vague  or  indefinite  outflows.      Some  of  the  long  streamer* 
sharp  inner  edges,  peculiarly  curved  and  notched.  •    And 
texture  is  generally  filamentous,  like  that  of  solar  prominences. 
the  characteristic  forms  of  which — as  Mr.  Ranyard   effect  iv 
pointed   out '  are  faithfully    imitated    in  souie  of  the 
fejitnres    of   the    nebula.      An  outlying    mass    to    the   nortl 
(N.G.C.    1977)    not,   only  claims  .ltlinity   hy  some  degree 
structural  resemblance,  but  is  seen,  on   Professor    Pickeri 
plate,  to  be  linked  on  to  it  by  a  faint  intermediate  extension 
The  gap  between  them  is  absolutely  black  to  telescopic 

Improvements  and  modifications  in  photograph:' 
have  led,  by  successive  steps,  to  a  remarkable  increase  in 
compass  assignable  to  this  extniordinary  formation.     Po 
lonscs  have  played  a  leading  part  in  the  process, 
Wadsworth's  reasonings2  have  made  it  clear  that  small 
tures,  owing  to  the  greater  contrast  afforded  by  them  with 
sub-sensible  illumination  of  the  sky,  are  positively  ml  van 
for  obtaining  impressions  of  faint,  extended   objects, 
have  the  further  prerogative  of  a  wide  field  of  view, 
room  for  the  grasp  and  delineation  of  lar^e  contours ;  so 
in  certain   branches   of  celestial  portraiture,  they   render 
dispensable  and  invaluable  services.    By  their  aid  the  ne 
stars  i  and  c  Ononis  were  proved  to  be  dimly  connected  wi 
trapezium  nebula  ;  a  sharply  indented  streamer  became  up 
issuing  towards  it  from  the  belt  star,  f  Ononis,  long 
as  a  separate  focus  of  nebulosity;   while  Max  Wolf 
evidence  of  a  luminous  union  between  the  nebula?  su 
f  and  €  Ononis.'     Finally,  the  combined  picture,  shown  in 
XXVIL.  of  all  the  nebulous  patches  in  the  constellation 
obtained  by  \V.  H.   Pickering.   14th   January    18f>0.4 
instrument  employed  was  a  Voigtlander  lens,  2*6   inches 
aperture,  and  of  8*6  inches  focal  length ;  the  time  of  ez 
6h  22IB.      As   the   upshot,  the  fragmentary  condensations 
viously  known  became  united  into  a   vast  spiral 
15°  across.      Starting   from    near   Bellutrix  (which  liea 
side  the  field),  it  sweeps  round  by  k  Ononis  and  Rigel  to 


«. 
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1  Knowtfdgt,  vol.  xii  p.  147- 
*  AMf.  Sack.  No.  3037. 


1  Ibid.  vol  xz.  p.  193. 

*  Harvrd  A*%mU,  «©t  iuu.  ft  #1 


PLAT* 


THE  ORION  NEBULA  497 

south,  then  bends  upward  to  17  Oriouia,  and  most  prolably 
effects  a  junction  with  the  nuclear  maw  in  the  Sword  handle, 
although  the  further  course  of  theHtream  in  rendered  indistinct 
by  the  fogging  of  the  plate.  After  an  interval  of  nearly  rive 
years,  Professor  Barnard  independently  repeated  and  continued 
the  Mount  Wilson  experiment*1  His  small  "  lantern  lens " 
showed,  with  exposures  of  2h  and  lh  lo"\  "an  enormous 
curved  nebulosity  encircling  the  belt  and  the  greut  nebula,  and 
covering  a  large  portion  of  the  body  of  the  giant."  In  com- 
parison with  it,  he  remarked,  the  eld  tonabuD  nebula  "  is  but 
a  pygmy."  The  astonishing  extension  given  to  the  luminous 
structure  in  Orion  was,  however,  of  less  importance  than  the 
disclosure  of  its  architectonic  plan.  Nor  can  it  be  supposed 
that  we  are,  even  now,  fully  acquainted  with  it.  Further 
developments  may  be  looked  for.  The  nebulous  connections 
of  the  various  parts  will  doubtless  be  more  clearly  expounded 
in  future  photographs.  Possibly  an  effective  delineation  might 
be  obtained  in  sections  with  instrumente,  like  the  Crosaley  or 
the  Meudon  reflector,  too  restricted  in  angular  grasp  to  embrace 
the  whole  at  one  view.  The  study  of  details  would  thus  be 
made  feasible,  their  subordination  to  the  general  design  being 
at  the  same  time  kept  well  in  sight  The  relations  of  the 
memliers  to  the  main  1kh.1v  of  this  nebula  offer  a  problem  of 
extreme  complexity.  The  stars  of  the  trapezium,  for  instance, 
have  an  appreciable  proper  motion  of  about  5"  a  century. 
The  nebulous  plumage  attached  to  them  must  evidently  partake 
in  their  displacement;  but  this  cannot  be  unhesitatingly 
asserted  of  the  appendages  to  the  belt  stars,  still  less  of  the 
ocean- river  of  nebulosity  Mowing  outside  them.  Professor 
W.  If.  Pickering  discussed  the  movements  of  nineteen  stars 
involved  in  the  spiral,  though  not  of  course  necessarily  con- 
u<-cu-d  with  it.2  And  so  far  as  any  common  character  could 
U*  ascriU*d  to  them,  it  was  that  of  recession  from  the  trapezium. 
It  would  lie  ridiculous  to  found  any  conclusion  upon  so  flimsy 
a  basis  ;  yet  th--  indication  harmonises  with  hints,  or  nascent 
symptoms  of  a  centrifugal  tendency  among  clustered  stars 
su.  li  as  tli'-  1'leiadfs.  The  determination  and  comparison  of 
tli-'ir  radial  movements  will  t>e  the  l>est  means  of  promoting 

'  As4>.  a.ui  Atfrijykytic*.  vol.  liii.  p.  813. 

•  l/arranl  AnnaU,  vol.  xxxii.  p.  77. 
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collapsed  hopelessly,  on  being  confronted  with  the  simple  fed, 
noted  by  Keeler,1  that  the  third  hydrogen  line  (Hy)  alwayi 
vanishes  experimentally  before  the  first,  while  in  Debute  it 
shines  unfailingly,  although  F  be  imperceptible.  The  order  of 
brightness,  then,  of  the  members  of  the  series  is  Dot.  in  nebula 
prescribed  by  physiological  causes  alone ;  the  faintness  of  H*  b 
intrinsic.  This  is  further  proved  by  Professor  Keeler's  observa- 
tion of  "  H&  and  several  of  the  hydrogen  series  above  h, 
glowing  brilliantly  in  the  spectrum  of  R  Andromed*,  while  not 
a  trace  of  Ha  could  be  found."  So  that  "  in  some  of  the 
variable  stars  wc  seem  to  have  hydrogen  in  the  same  col>; 
as  in  the  nebulax" 

Finally,  Professor  Campbell  made  the  decisive  experiment 
of  directly  comparing  the  nebular  with  an  artificial  spectrum/ 
The  two  kinds  of  light  being  admitted  through  the  upper  end 
lower  halves  respectively  of  the  same  slit,  their  spectre 
seen  side  by  side  in  the  eyepiece,  and  the  corresponding 
in  them  could  be  at  once  equalised  by  merely  altering  the 
distance  of  the  hydrogen-tube  from  the  slit.  Combined  expen- 
ments  with  this  apparatus  by  Keeler,  Wright,  and  Campbell 
proved  that  (1)  when  the  F  lines  from  the  nebula  and  tube 
were  matched  in  brightness,  the  blue  line  above  it  (H7)  ve# 
markedly  stronger  in  the  nebular  than  in  the  tube-spectrum . 
(2)  the  equalisation  of  the  blue  lines  left  the  green  line  from 
the  nebula  conspicuously  fainter  than  the  same  line  from  the 
tube.  "  The  relative  intensities,"  it  was  concluded.  ■  of  the 
hydrogen  lines  from  the  nebula  and  from  the  tube  are,  there- 
fore, not  the  6ame  ;  the  nebular  lines  are  relatively  the  stronger 
toward  the  violet,  the  lines  from  the  tube  are  relatively  tbt 
stronger  townrd  the  red  end  of  the  spectrum."  A1 
measures  showed  the  three  principal  lines  in  the  spectrum 
the  Orion  nebula  to  be  of  very  low  intensity.  Their  f»'nlft— 
completely  neutralised,  to  Professor  Campbell's  eye, 
differenceB  of  tint  Hence  the  "  Purkinje  phenomenon," 
depends  upon  the  perception  of  colour,  cannot  in  any 
affect  their  comparative  visibility.  There  is  however, 
asjwct  to  the  question.  The  spectrum  of  the  nebula 
not  alone  from   the  standard  of  comparison  supplied  by 

1  /'««.  LUit  Obrrmitvry,  vol.  UL  p-  »4. 
*  Aatrcyk-  Journ.  vol.  \x.  p.  312. 
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vacuum-tube,  but  also  locally,  within  the  formation  itself. 
The  relative  strength  of  the  constituent  rays  is  different  tor 
its  different  sections.  Dr.  Kunge  of  Hanover,"  who  devoted 
special  attention  to  tho  point  during  a  visit  to  the  Lick 
Observatory  in  SeptemW  1897,  satisfied  himself  that  DM 
F  line  of  hydrogen,  which,  near  the  trapezium,  had  only  one- 
third  (or  possibly  two-fifths)  tint  intrasity  of  the*  nvhulinm 
line,  was  ten  times  brighter  in  the  faint  outlying  Mttm  of 
the  nebula.  The  relative  gain  was  then  twenty-five  to  thirty- 
fold;  while  the  alleged  physiological  ohuho,  admitting  thai  it 
had  full  scope  and  play,  could  at  the  utmost  have  produced  a 
gain  of  18  times.  The  reality  of  the  change  was  furfln-r 
certified  by  observing  the  second  nebular  line  (X  4959),  wl.ich 
in  the  "  Huygenian  region  "  just  equals  F,  to  disappear  as  the 
slit  was  moved  outward,  while  K  continued  to  shine  with  a 
very  sensible  lustra  And  since,  in  this  case,  the  Purkinje 
effect  was  null  (the  lines  Wring  almost  indistinguishable  in 
colour),  a  demonstration  was  afforded  of  a  genuine  modification 
in  the  curve  of  emissivi-  energy  in  passing  from  one  part  of 
the  great  nebula  to  another. 

Professor  Keeler  deviled  a  completely  novul  luuthod  of 
demonstrating  its  non- homogeneous  character.1  Pictures  of 
the  nebula  taken  on  orthochromatic  plates  protected  by  colour- 
screens  from  the  blue  mdiations,  were  compared  with  impressions 
on  ordinary  unscreened  plates,  all  being  exposed  with  the 
Croxslev  reflector,  though  during  very  unequal  times.  The 
result  was  to  show  that,  for  equal  intensity  of  the  Huygenian 
region,  that  of  the  remote  parts  and  outlying  streamers  fell 
greatly  below  its  normal  value  in  the  screened  photographs. 
"  Conversely,"  to  quote  the  words  of  the  ingenious  operator," 
"  where  photographs  made  by  the  two  methods,  on  the  same 
bight,  show  an  equal  extent  of  nebulosity,  the  Huygenian 
region  is  very  much  more  intense  on  the  orthochromatic 
plate.  We  infer,  therefore,  that  in  the  remote  parts  of  the 
nebula  the  two  lowest  nebular  lines  are  weak,  or  the  hydrogen 
lines  strong,  as  compared  with  the  Huygenian  region.  Thus 
tin*  results  of  spectroscopic  researches  are  confirmed,  and  are 
ext>  nded  to  |uirts  of  the  nebula  too  faint  for  visual  observa- 

1  stirop?,.  Jowrn.  vol.  viii.  p.  82  ;  Atlr.  Sack.  No.  5471. 
A*''-ph.  Journ.  vol.  ix.  p.  US.  *  Ibid.  p.  140. 
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tioa"  That  is  to  say,  the  hydrogen  image  of  t 
nebula  is  larger  than  its  image  in  nebulium.  And  this  eom- 
8ponds  precisely  with  Campbell's  spectroscopic  discovery  aboil 
the  planetary  nebula  S.D.— 12°  1172,1  already  adverted  to. 
When  nebulium  comes  to  be  examined  in  the  laboratory — if 
that  shadowy  possibility  be  ever  realised — the  cause  of  the 
discrepancy  may  be  laid  bare.  The  most  obvious  is  a  differ- 
ence of  density  between  the  two  substances ;  yet  wre  cannot 
unreservedly  assume  its  validity,  considering  the  noted  effects 
of  what  we  may  call  electrical  preferences  in  modifying  the 
spectra  of  attenuated  gaseous  structures. 

Two  facts,  then,  have  been  definitely  ascertained  regarding 
the  hydrogen  spectrum  in  the  "  Fish-mouth  "  nebula.  Tho 
first  is  that  its  more  refrangible  constituents  are  preferentially 
developed  us  compared  with  the  standard  set  by  the  vacuum* 
tube.  The  second  is  that  of  its  persistence  in  regions  of  the 
nebula  too  dim  to  glow  with  any  other  species  of  light.  Both 
peculiarities  urgently  demand  explanations,  which  can  probably 
be  afforded  only  by  arduous  experimental  work.  Dr.  Schetner 
has  not  neglected  this  side  of  the  inquiry ;  and  although  the 
outcome  of  his  efforts  is  negative,  it  serves  none  the  lem  to 
answer  a  fundamental  question.  He  postulates  in  Debute 
extreme  rarefaction  and  excessively  low  temperature  ;  and  to 
test  the  effect  of  the  latter  condition  he  plunged  hydrogen- 
tubes  into  liquid  air  and  examined  the  spectrum.  He  found 
it  entirely  unchanged  by  cooling  to  —  200*  centigrade*  This, 
he  pointed  out,  harmonises  with  the  view  that  the  luminosity  of 
gases  originates  solely  through  internal  movements  of  the 
individual  molecules,  and  is  hence  independent  of  external 
temperature.  Moreover,  one  of  the  few  means  available  for  ter- 
restrially altering  the  relative  strength  of  the  red  and  green 
hydrogen  lines  is  that  of  electrical  differentiation.  Professor 
J.  J.  Thomson's  observation  *  of  C  bright,  F  invisible  near  the 
positive,  F  bright,  and  C  invisible  near  the  negative  electrode, 
offers  a  clue  which  lias  not  yet  been  followed  up,  for  lb* 
threading  of  the  labyrinth. 

In  another  of  its  elements  besides  hydrogen,  the  spectrum 
of  the  Orion   nebula  is  suspected  to  vary  regionally.      The 

1  /S.M.  Pacific  Society,  vol.  v.  p.  207.  ■  Atr.  Xack.  No.  J47C 

»  /Vot.  top*  Society.  toI.  Iriii.  |«.  255. 


THE  ORION  NEBULA  503 

ultra-violet  ray  at  X  3727  is  second  to  none  in  importance 
when  photographed  with  suitable  apparatus.  Nevertheless, 
it  was  missing  from  a  plate  exposed  by  Sir  William  and 
LadyHuggins  28th  February  1889,1  although  the  impressions 
upon  it  of  two  much  weaker  lines  near  its  place  were  clearly 
to  be  seen.  The  anomaly  of  its  total  llMBN  tm  nor  recurred 
Professor  Keeler  vainly  went  over  the  ground  iu  1892-93,1 
groping  with  his  slit  for  bhi  blank  district  Professor  W,  H. 
Pickering,  it  is  true,  derived  indications  of  local  diversities  in 
the  intensity  of  the  line  from  a  photograph  taken  without  a 
slit,  10th  July  1888;  but  they  were  rather  suggestive  than 
conclusive. 

Suspected  light-variations  in  the  Orion  nebula  have  not 
been  confirmed  by  modern  research.  There  is  absolutely  no 
photographic  evidence  of  change,  and  visual  discrepancies 
have  not  been  attested  with  nulnmeut  previaiou  for  the 
support  of  any  positive  inferences.  Professor  Holden  was 
indeed  disposed,  after  an  exhaustive  comparison  of  his  own 
with  numerous  recorded  observations,  to  believe  in  luminous 
instability  of  a  partial  kind ; s  but  the  effects  considered  may 
have  been  only  apparent  Their  production  i*  at  once  rendered 
intelligible  by  Professor  Ormond  Stone's  pertinent  remarks: — 
"  The  general  apj>earance  of  the  Huygenian  region,"  he  wrote 
in  189G,4  "is  very  much  like  that  of  a  so-called  'mackerel 
sky.'  Many  of  the  condensations  have  pretty  well-defined 
nuclei,  whose  light  diffuses,  blending  with  the  surrounding 
nebulosity  when  the  seeing  grows  poor.  I  have  frequently 
been  surprised  to  find  how  greatly  the  definition  changes 
the  relative  brightness  of  the  different  condensations.  This 
explains  the  many  apparently  contradictory  estimates."  So 
far  as  it  is  possible  to  judge,  then,  the  brightness  of  this 
nebula  is  not  subject  to  change,  either  general  or  local 
Moreover,  its  com]>onent  parts  seem  absolutely  fixed  in  outline 
and  position.  Internal  movements,  if  in  progress,  will  need  the 
lapse  of  ages  to  become  sensible  to  the  eye.  No  relative  shifting** 
*>f  knots  or  nuclei  have  I  wen  detected;  no  alteration  in  shape 

1   I 'roc.  Royal  Soeitty,  vol.  xlvi.  p.  II« 

'  A*lr.  aiul  A*tTophy*\c$,  toL  xiii.  \\.  478. 

*    Washim/Ufn  (tiaerration*,  1878,  Apr*  1. 

4  /'««,  Uaiuier  M'Cormick  Obeervmtory,  vol  L  pt.  vii.  p.  274. 
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of  outgrowths  and  effusions.     Yet  they  are  of  an 
unstable  aspect,  and  might  be   supposed    no    leas 
transitory  than  the  appurtenances  of  comets.      And  so 
probably  they  are,  although   the  unit  of  tiuw    ' 
duration  is  measured  be  long,  and   the   scale  of   their 
lion  unimaginably  vast. 

Some  of  the  stars,  however,  scattered  near  the 
preserve  anything  but  a  constant  lustre.  One.  cat 
T  Ononis,  fluctuates  irregularly  from  9*7  to  13'0  magnitude 
and  others  vary  as  unmistakably,  though  to  a  less  extern 
None  are  periodical,  so  that  they  lieloug  to  a  different  cast 
gory  from  the  flash-lights  of  globular  clusters.  An  atteo 
tive  study,  photometric,  photographic,  and  spcctroscop 
the  Orion  variables  could  not  fail  to  be  fruitful  and  instnc 
tive.  Their  instability  is  the  more  noteworthy  from  th 
whiteness  of  their  light.  T  Ononis  (also  known  as  "  Bom 
822  ")  is  perhaps  a  unique  example  of  a  star  untinged  will 
red  losing  und  regaining  ninetecn-twentieths  of  its  viaiM 
radiance.  Among  its  obviously  variable  neighbours  are  th 
objects  numbered  by  Bond  in  his  survey  of  the  nebula,  641 
647,  664,  and   679.     Scarcely  any  sustain"]  n    ha 

yet  been  paid  to  the  group,  notwithstanding  the  man 
questions  of  interest  connected  with  it.  Enough  only  i 
known  to  make  it  certain  that  its  members  exhibit  no  oob 
rnunity  of  character  in  their  vicissitudes  save  that  < 
exemption  from  any  traceable  law  of  order.  Thus  Bond  65- 
was  noticed  by  Holden,  as  it  had  l»een  noticed  by  Otto  Stnxr 
twenty  years  earlier,  to  rise  occasionally,  from  habitual  quasi 
extinction,  to  brief  maxima  of  about  twelfth  magnitude.  B* 
Orrnond  Stone  recorded  none  of  these  sudden  brighteaiag 
although  he  observed  the  star,  30th  September  1886,  to  ran! 
higher  than  the  twelfth  magnitude.  Possibly  the  manner  < 
its  variability  is  itself  variable.  The  star  Bond  647,  on  th 
other  hand,  has  gained  largely  in  average  lustre  since  183' 
when  Sir  John  Herechers  measures,  reduced  to  Strove*  seal 
made  it  of  131  magnitude.  Otto  Strove  chronicled  ri 
disappearance  in  1863,  after  a  prolonged  maximum  st  12* 
magnitude;1  Bond  found  it  to  be  of  11*6  magnitude  in  185" 
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Ormond  Stone,  of  10*9  magnitude.  1886  to  1894  ;'  and  there 
is  nothing  to  show  that  this  steady  rise  has  reached  it*  cul- 
minating point  A  compensator}  decline  may  In*  anticipated, 
though  not  with  entire  confident  ••.  TU-  situation  of  these 
stars  lends  a  special  meaning  to  their  variations.  That  tlu-y 
are  physically  connected  with  the  nebula  tht-y  are  seen  pro- 
jected upon,  cannot  indeed  be  proved,  hut  it  may  legitimately 
be  assumed.  Hence  every  advance  in  knowledge  of  ili.ir 
vicissitudes  cannot  but  help  to  elucidate  the  still  obscure 
relations  of  nebulous  environment  to  sicllur  light-change. 

1  ft*W.  LtantUr  WCorwUet  OUnatory,  *oL  i.  p.  333. 
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Irregular  nebulto  are  objecte  of  large  size,  indeterminate 
outlines,  and  capricious  shapes.  They  become  fully  apparent, 
as  a  rule,  only  by  photographic  means,  their  exterior  section* 
and  subordinate  parts  shining  too  dimly  for  distinct  visual 
perception.  The  chemical  retina,  however,  sees  them  wiU» 
comparative  ease ;  for  their  light  consists  mainly  of  isolated 
short-period  vibrations.  They  are  hence  known  to  be  of 
gaseous  composition,  and  all  are  situated  in  or  near  the  Milky 
Way.  Many  observers,  especially  those  armed  with  large 
reflectors,  can  pick  them  out  at  Bight  by  their  greenish  tinge ; 
but  they  never  appear  blue  like  planetariea  There  seems, 
indeed,  to  be  a  definite  difference  of  hue  between  the  two 
classes,  approximate  spectral  identity  notwithstanding.  This 
probably  indicates  superior  strength  of  the  nehuluni  lines 
in  irregular  neb  u  lie ,  or  the  maximum  of  intensity  in  the  dim 
continuous  spectrum  may  be  situated  lower  in  them  than  in 
the  planetary  kind.  Discrimination  is  not  easy ;  for  impres- 
sions of  colour  are  often  too  subtle  to  be  analysed. 

Irregular  nebuhe  are  of  surprising  variety.  Each  speci- 
men has  individual  peculiar i ties,  for  the  most  part  inimitable 
by  any  other.  No  copy  of  the  Orion  nebula  is  to  be  found 
in  the  heavens,  and  the  Argo  nebula,  which  cornea  next  to 
it  in  importance,  is  equally  svi  gentrti.  This  magnificent 
edifice  has  no  corner-stone  corresponding  to  the  trapezium  ; 
instead,  a  black  opening  of  a  lemniscate  form,  and  aa  sharp 
to  the  eye  as  if  cut  with  a  punching  instrument,  yawns  is 
its  brightest  part.  The  operation  by  which  it  came  to  be 
produced  was,  moreover,  repeated  in  a  fainter  nebulous-  tract 
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farther  south,  and  was  hence  evidently  controlled  by  some 
definite  and  special  combination  of  ciroumsUncea  Wih 
reason,  then,  in  view  of  the  unique  character  of  this  feature*, 
the  formation  has  been  sumamed  the  ■  Key-hole  Nebula." 

At  the  eastern  edgu  of  the  northern  key-hole  lies  the 
extraordinary  variable,  y  Carinae.  the  vicissitude*  of  which 
cannot  but  be  related  to  the  tumultuous  processes  of  change 
doubtless  going  on  in  the  seething  chaos  around.  The 
general  surface  of  the  nebula  is  emblazoned  besides  with  a 
multitude  of  ordinary  small  stars,  historically  and  telescopic- 
ally  undistinguished.  Their  scattering,  however,  is  not  at 
random  ;  it  has  marks  of  intention*  Sir  John  Hemchel  jointed 
out  their  disposal  along  the  margin  of  dark  riftH  in  the  uebula  ; 
and  many  such  allincntions  were  traced  by  Mr.  Kanyiird ' 
in  Dr.  Russell's  photographs,  taken  at  Sydney  in  1894.  The 
object  as  a  whole  seem**!  to  him  "  a  very  fine  specimen  of  a 
nebulous  cluster  with  u  centra]  condensation,  aesociat-.  .1  with 
dark  structures  and  radiating  streams  of  stars,"  These  ■  are 
in  most  cases  accompanied  by  narrow  black  channels  in  the 
general  nebulosity,  which  run  parallel  to,  and  alongside  of 
the  star-streams."  One  is  reminded  of  the  dark  lance 
bordered  with  stars  in  the  Hercules  cluster;  and  the  analogy, 
if  genuine,  is  of  no  slight  significance.  Setting  aside  for 
the  moment  its  implications  of  affinity  between  stellar  globes 
and  nebula*,  it  would  afford  a  certainty  that  the  stars  distri- 
buted over  the  surface  of  the  Argo  formation  are  really  in 
and  of  it ;  and  since  they  are  obviously  galactic,  this  would 
amount  to  a  demonstration  that  the  nebula  too  is  galactic— 
that  it  belongs  to  the  Milky  Way,  not  geometrically  by  pro- 
jection, but  physically  by  collocation. 

The  lirst  photograph  of  this  fine  object  was  obtained  by 
Mr.  Kussi'll  with  a  six-inch  portrait-lens  in  June  1891  ;  but 
it  had  an  experimental  rather  than  a  delineative  value.  This 
could  ix>t  Ik*  said  of  one  taken  nine  months  later  by  Sir 
havid  I  Sill.  An  exj>osure  of  twelve  hours,  spread  over  four 
m.'lits,  with  the  thirteen-inch  photo-refractor  of  the  Inter- 
national  Survey,  yielded  the  remarkable  picture  which  forms  our 
frontispiece.  The  advantages  of  the  autographic  process  could 
not  be  ni'irv  forcibly  exemplified  than  by  comparing  it  with 

1  KtwirlMge,  Vol.  xvii.  p.  133. 
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Sir  John  Herschel's  drawing  of  the  same  object.1  Month 
of  labour  at  the  telescope  were  of  less  avail  than  half  a  day1 
"following"  with  the  camera.  The  artist  fully  recognise 
the  inability  of  even  his  skilful  hand  to  delineate  the  endlai 
gradations  of  light  and  shade  which  his  eye  perceived.  Tb 
elaborate  pains  taken  by  him  tended,  indeed,  as  id  m 
similar  cases,  to  exaggerate  contrasts,  and  so  vitiate  tk 
general  effect.  In  the  photograph,  the  disclosed  nebulous  field 
are  not  only  wider,  but  they  are  more  harmoiiioualj  rabtt 
and  more  intelligibly  arranged.  Nor  has  the  distinctive  tiai 
of  the  nebula  evaded  chemical  portraiture.  The  "  key-hole 
is  conspicuous  on  the  plate,  although  deformed  by  lumnm 
inflows ;  Herschel's  "  kidney-bean  "  opening  to  the  south  (nxd 
.square  from  the  bottom,  fourth  from  the  Ml  hide  of  tb 
Plate)  is  scarcely  encroached  upon  by  chemical  diffusion;  av 
a  third  vacuity  of  similar  design,  though  leas  perfect  exec* 
tion,  occurs  to  the  north-west  of  the  key-bole  (fourth  sqnar 
from  the  top,  seventh  from  the  left).  There  is,  nevertheless,  mi 
striking  discrepancy  between  the  drawing  and  the  photogranl 
— a  discrepancy  which,  on  the  face  of  it,  implie*  the  occur 
rence  of  genuine  and  extensive  change.  An  isolated,  trident 
shaped  structure  prominent  in  the  former  is  imperceptible  n 
the  latter,  or  survives,  at  the  mo8t(  fragment*  rily.  Its  dii 
appearance  was  due  to  no  accidental  defect  in  the  C-ap 
negative  ;  the  Arequipa  plates,  exposed  with  the  Bruce  twenty 
four  -  inch  lens,  show  a  corresponding  effacement.  It  had 
in  fact,  taken  place  oven  to  the  eye  already  in  1871,  when  I>t 
Russell  failed  to  perceive  the  M  swan  "  form  (as  Sir  Davi.i 
called  it)  with  the  Sydney  eleven-inch  refractor.  The  evident 
of  light-extinction  is  almost  conclusive ;  yet  it  should  not  U 
admitted  without  further  question.  Visual  study  of  ih< 
nebula  would  perhaps  be  the  most  promising  road  toward 
the  end  in  view.  Such  objects  are  now  rarely  lotktd  a! 
observers  adapt  their  apparatus  ami  devote  their  energies  U 
the  exposure  of  plates.  Yet  in  some  cases— and  this  i 
surely  one  of  them — the  direct  and  indirect  methods  should 
for  completeness,  be  employed  concurrently.  Photograph* 
and  photometric  brightness  are  commonly  disparate  in  star* 
they  differ   in   nebulie  still  more  widely;    it  remain* 

1  Copied  in  Knovtmly*.  toL  i»t  p.  «©. 
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proved  whether  their  different**  may  not  be  irre^ul.irly  dis- 
tributed or  even  variable  with  time.  The  spectrum  of  tbe 
Argo  nebula  is  of  the  Usual  gaseous  type  Further  parti- 
culars about  it  are  wanting. 

The  Trifid  nebula   in  Sagittarius  (M  20-N.G.C.  6614) 
affords  another  instance  of  ostenaihle  change.      I>iscovered  by 
Messier  in   1764,  it  appeared  to   Sir  William    Hersohcl  in 
1784  in  the  guise  of  "  throe  nebula?  faintly  joined    into  a 
triangle.     In  the  middle,"  be  added,  ■  is  a  double  star."     And 
again,  after  two  years,  "About  the  double   star   is  n   black 
opening,"  the  combined  elftct  of  which   recalled    the   Orion 
trapezium.     He  reiterated   in   1811   that  the  position  of  the 
star  was  "  in  the  middle "  of  the  ol)«cure   s|ace   l»etwe«m    ihr 
nebulee.1      Sir  John  Henschel  similarly  assigned  its  place  in 
1827*  as  "exactly  in  the  control  vacuity  of  I  large  irwgular 
uebula,  which  appears   to  have    been   broken    up    into    turn- 
portions  by  three  rifte  or  cracks  extending  from  its  centre  to 
its  circumference,  and  whose  directiuns  meet  at   tlu*  double 
star."      Nothing    could    be    more  explicit;    and  his    verbal 
description    is   authenticated    by   a   rough    sketch    of    high 
evidential  value,  though  laying  no  claim  to  precision.     Six 
yars  later,  at  Slough  in  1833,  he  observed  the  double  (really 
a  sextuple)  star  to  occupy  "  the  centre  of  the  trifid  nebula." 
Yet  at  the  Cape  in   1835,  he   drew   it  as  adhering  to  the 
south-eastern  lobe,  and — stranger  still — without  comment  on 
the  alteration.     And  virtually  under  the  same  aspect  the  object 
was  seen   by  the  American   observers.  Mason   and   Smith,  in 
1839,  its  well  as  by  Lassell  at  Malta  in  1862.     The  complete 
immersion  of  the  star-group  in  nebulosity,  and  its  eccentric 
situation    at   the  apex  of  a  shining  conical    mass,  are   now 
patent  to  the  merest  tiro  in  telescopic  scrutiny.     Autographic 
impressions  toll  the  same  tale.     One  obtained  by  Dr.  Roberts 
in  ninety  minutes,  13th  July  1899,  is  shown  in  Plate  XXVIII. 
Kijr.    1.      The  ojien    fan  of   nebulosity  in  the  south-eastern 
i|uadrant  has  the  multiple  star  at  its  apex,  but  indistinguish- 
-il.lv.  owiiitf  to  the  burnt-up  condition  of  the  plate  in  this 
i'lL'ht    region.       The    abruptness   with    which   the    luminous 

I'hil   TViiim.  1786,  p.  494  ;  1789,  p.  247  ;  181),  jx  289  ;  qaoUd  by  Holden, 
.',     ■-..■tn  Juurn.  of  Seitnet,  vol.  xiv.  p.  434,  1877. 
.'./.  mnirt  /.Vva/  Artr.  Socuty,  vol.  iii  p.  83. 
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masses  abut  upon  the  dark  rifts  that  divide    them   i* 
remarkable.     On  a  Crossley  plate  of  6th  July  1899,1  the 
central  block  of  nebulosity  caine  oat  semi-detached,  while 
the  Crowborough  picture  it  appears  as  a  simple  pi 
of  the  great   northern  lobe.      Here,  too.  by  a    further 
of    light-concentration,  the    dependent    nebula    to    the 
is  completely    annexed    by    the    adjacent    triple    el 
Its  nuclear  star  would  make  an  interesting  subject  for 
scopic  study. 

Now  Herschel's  Cape  drawing  of  1835   is  in  subaiant 
agreement  with   the  photographs  of  1899.     He   saw 
the  same  extent  of  nebulosity  disclosed  in  then* 
very  much   in  the  same   way,  and  similarly  related   to 
principal  stars  scattered  through  it.     During  sixty-t 
at  any  rate,  fixity  has  prevailed.     Mutual  displacements 
not  sensibly  in  progress.     The  alleged  variation  must,  we 
driven  to  infer,  have  taken  place  suddenly  between  1833  and 
1335.      This  is  certainly  hard  of  credence;  but   it    i-     i    . 
more  difficult  to  admit  that  both  Sir  William  and  Sir  John 
Herechel  erred  so  egregiously  as  to  locate  the  multiple  star 
in  the  middle  of  a  black  space,  if  it  really  sparkled,  as   it  does 
now,  upon  a  background  of  lucent  silver. 

Professor  Swift  mentions  having  observed  about  1885 
luminous  filament  of  the  most  delicate  spider-like  fiiwnw 
stretched  across  the  north-west  cleft. "  of  the  Tritid  nebula' 
It  reminded  him  of  a  cable  of  the  New  York  and  Brooklyn 
suspension  bridge,  with  the  difference  that  it  did  not  sag  is 
the  middle,  but  went  straight  from  shore  to  shore. 
installation  of  electric  street  lights  at  Rochester  pcveli 
him  from  keeping  watch  over  this  delicate  and  perhaps 
feature.  It  would  be  interesting  to  learn  whether  it 
tinues  visibly  to  span  that  strange  abyss. 

The  spectrum  of  this  nebula  waa  observed   by 
Keeler  in   1890  as  "  continuous  but  short,  being 
confined  to  the  blue  and  green."1     Only  a  "  brightening 
the  middle  "  could  be  detected     Nevertheless,  on  3rd  Ai 
1894,   Professor   Campbell    perceived  at  a   glance    the 

1   Reproiuood  in  JMrojth.  J»»m.  roL  xi.  \y  J3&. 

1  Popular  Artron&my,  vol.  L  p.  261. 

s  Pnbi,  lick  Otmrvttiny.  wl  '"•  h  *>3. 
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usual  nebula  lines,  the  third  (F)  being  relatively  strong.1 
An  auroral  glow  almost  effaced  whatever  continuous  tigbl 
was  present;  and  the  same  accident,  singularly  enough, 
recurred  at  the  date  of  a  second  observation  24th  May  189.r» 
Much  might  be  learned  about  the  nature  or  the  Tritid  nebula 
by  a  searching  spectrographic  inquiry.  Tin-  condition,  for 
instance,  of  the  unknown  line  at  X  :*727  would  be  important 
to  ascertain.  Its  variations  from  una  object  to  another,  or 
possibly  from  one  region  to  the  ntx*  of  the  same  object,  are 
doubtless  of  a  significance  only  to  U-  fathomed  by  the  pat  ion t 
collection  and  comparison  of  fact*.  The  spectrum  of  the 
multiple  star,  which  seems  to  have  a  unclear  relation  to  the 
south-eastern  division  of  the  nebula,  was  stated  by  Keekr  to 
be  devoid  of  marked  features.  Tet  such  may  present  them- 
selves when  its  thorough  examination  becomes  practicable. 
The  components  of  the  object  were  successively  discovered  in 
the  course  of  nearly  a  century.  Sir  William  Hersohel  saw  it 
double  in  1784 ;  Herschel  and  South  about  1826  found  it  to 
be  triple ;  and  no  more  than  three  members  of  the  group  were 
distinguished  by  Lassell  with  his  four-foot  reflector.  The  fourth 
and  fifth  stars — neither  much  brighter  than  the  thirteenth 
magnitude — were  added  by  Professor  Langley,  using  the 
fifteen-inch  Harvard  College  refractor,  in  1866;  finally,  the 
Washington  twenty-six-inch  disclosed  the  sixth  to  Professor 
Holden  5th  August  1875. 

A  fantastic  structure,  known  as  the  "  Omega  "  or  u  Horse- 
shoe" nebula  (M  17  =  N.G.C.  6618),  is  situated  on  the  border 
of  Scutum  Sobieski,  and,  like  the  Trifid,  invites  inspection  from 
southern  latitudes.  Sir  John  Herschel  perceived  it  at  Slough 
in  the  figure  of  a  Greek  Omega  (ft),  with  the  left-hand  base- 
lino  turned  upward."  He  was  surprised  to  see  at  the  Cape  a 
second  arch  springing  from  the  same  level  as  the  first,1  besides 
other  KiiK|iected  convolutions.  The  subordinate  appendage  was 
au'-iin  noticed  by  Swift  in  1883.*  In  a  photograph  taken  by 
l>r.  KnU-rtH,  5th  August  1893,  the  "horse-shoe"  resemblance 
i*  almost  obliterated.*  Much  greater  prominence  is  given  to 
the    spindle-shaped   axis    originally    noticed    by    Messier    in 

1    A<i,->ph.  /..urn,  vol.  u    p.  1**2.  ■  PkU.   Trans,  vol.  cxxiii.  p.  46\. 

1  ''a/"  ll'iutia,  j-    10.  *   SuUnttf  MtoKnger,  rol.  it.  p.  58. 

1  LVWidJ  Photographs,  vol.  i.  p.  101. 
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1764.  On  the  plate  it  is  found  to  be  encom] 
dim  envelope,  uniting  the  various  patches  of  nebulosity  into 
large  oval,  18'  by  12',  to  the  north-western  end  of  wbi 
an  abortive  "  horse-ahoe  "  is  uppended  like  an  exireaow 
A  picture  obtained  under  more  favourable  circumsUe* 
might  bring  these  somewhat  incongruous  porta  into  i 
intelligible  mutual  dependence.  Professor  Holden  collect 
evidence  suggestive  of  variation  in  the  Omega  nebula.1  hi 
none  that  could  be  regarded  aa  conclusive,  ■  There  h 
certainly  not  been  any  bodily  shifting,"  Dr.  Dreyer  pc 
uounced  in  1887-3  He  was  not,  however,  equally  clear  thi 
partial  fluctuations  in  brightness  might  not  have  taken 
The  question  remains  an  open  one. 

The    spectrum   of   the    Omega    nebula    was    recorded 
gaseous  by  Sir  William  Huggins  in  1864.     Nothing   forth 
is  known  about  it. 

Perhaps  the  most  important  of  the  nebulu*  for  purpoa 
of  comparative  study  is  "30  Doradus."  Sun. it.il  in  U 
Greater  Magellanic  Cloud,  the  "  looped "  nebula  may  ejtercai 
in  Professor  Pickering's  opinion,  a  dominating  influence  or 
that  extraordinary  mixed  assemblage.  Yet  it  has  the  lila 
and  unsubstantial  appearance  of  silver  filagree  torn  i 
shreds  and  hung  in  the  black  sky.  Its  spectrum  often 
remarkable  combination  of  linear  elements  with  strong! 
continuous  radiance.  Here,  if  anywhere,  a  fr  on  tier-instant 
between  "  white  "  and  "  green  "  nebuke  is  to  be  found.  Bona 
in  1874  a  ill  nut ■'!  the  predominance  in  it  of  the  fundament* 
nebular  line ;  but  the  Harvard  olwervers  are  leas  explib 
Professor  Pickering  briefly  announced  in  1892*  the  spectra 
of  this  object  to  be  "unlike  that  of  other  gaseous  nebula*" 
adding  in  1897  *  that  its  "constitution  appears  to  be  parti 
stellar  and  partly  gaseous."  Further,  a  sixth-magnitude  aU 
in  Libra  (A.G.C.  20,937)  is  said  to  reproduce  the  ;» 
of  its  mixed  light,  a  discovery  ranking  among  the  um 
profoundly  instructive  of  those  made  by  Mrs.  Fleming  It 
full  import  may,  however,  develop  ouly  through 
investigati 


1  Amet.  Journ.  o/Sdme,  vol.  xi.  p.  311,  third  wrlm. 
Monthly  tfotita,  vol.  xML  p.  4W.  ■  F«rty -Scvtmlk  Am*m*i 

•  UarntrH  J-tmiil,    VoL  *X*L  p.  20*. 
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Near  the  »ur  £  Porsei  on  3rd  November  1885,  Barnard 
discovered,  at  Nashville  with  a  six-inch  telescope,  a  "  very  faint, 
very  large,  diffused  "  nebula  (N.G.C.  1499).'  Bis  years  Ifttat 
it  came  prominently  into  notice  through  a  photograph  taken 
at  Haleusee,  near  Berlin,  by  Dr.  Archenhold.'  The  Willard 
lens  was  then  repeatedly  brought  to  bear  upon  it  at  Lick,  and 
one  of  the  resulting  pictures,  to  which  Barnard  gave  six  hours* 
exposure  21st  September  1895,  is  reproduced  in  Plate  XXIX. 
The  nebulosity  extends  over  at  least  two  degrees,  and  include.- 
many  "  angular  condensations."  A  round  dark  spot  near  the 
northern  Itorder  striken  the  eye  at  once.  That  it  is  ■  doubtfe** 
a  hole  in  the  nebula,"  Professor  Barnard  avers.  But  in  a  gaseous 
mass  a  "  hole "  could  neither  be  produced  nor  maintained.  Light 
in  the  perforated  region  must  be  suppressed  unless  it  be  inter- 
cepted, and  the  latter  alternative  involves  eonsequenoee  that 
may  fairly  he  called  inadmissible. 

A  drawing  of  the  £  Persei  nebula,  publislwd  by  Dr. 
Scheiner  in  1393*  embodies  five  photographic  delineation* 
obtained  with  a  Voigtliinder  "  WJtaQpa "  of  four  inches 
aperture,  in  times  of  exposure  varying  from  one  to  six 
hours.  He  found  it  to  he  little  inferior  in  size  to  the  great 
Orion  nebula,  hut  totally  different  in  plan  of  construction.  It 
has  strongly  luminous  lx>rders,  and  these  are  connected  by 
bright  causeways  crossing  a  comparatively  obscure  interior. 
There  is  no  sign  of  a  nucleus,  nor  any  tendency  towards  the 
formation  of  one.  Portrait- lenses,  or  some  modification  of 
them,  seem  to  be  the  only  kind  of  instrument  with  which 
impressions  of  this  object  can  be  secured  ;  a  plate  exposed 
during  six  hours  at  the  focus  of  the  Potsdam  thirteen-inch  astro- 
graphic  refractor  showed  no  trace  even  of  veiling  from  the 
prolonged  impingement  of  its  rays.  They  are  equally  in- 
effective,  Dr.  Archenhold  states,  upon  orthochromatic  plates — 
a  fact  reasonably  held  to  imply  that  the  nebula  emits  chiefly 
light-waves  of  short  periods.  In  other  words,  it  is  a  green 
nebula,  and  all  but  certainly  gaseous. 

A  "  vast  and  magnificent  nebula "  near  An  tares,  seen 
iin]H.Tfectly  and  fragmentarily,  was  disclosed  in  its  entirety  by 
Professor   Barnard's   photographic   researches  in   1895.4      Its 

1  .tstr-fh.  Juurtt.  vol.  ii.  |».  350.  *  Aatr.  A'ack.  No.  5081 

'  tout.  No.  3157.  *  Ibid.  No.  5801  ;  Knowbdgt,  Wtti  xix.  p.  205. 
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primary  gathering-ground  is  ab<       p  hi, 

star  of  fourth  magnitude  giving  a  helium   spectrum ; 
7s,  and    22    Scorpii,   besides  other   smaller    stars,  f«rtn 
ordinate  foci.     Antares  itself  is  involved  in  the  trailing 
of  this  cosmic  cloud,  but  may  iu  reality    lie    far  away 
them.     Furrowed  by  an  intricate  system  of  rift*,  and  pic 
by  obscure  cavities,  the  Antares  nebula  is  evidently 
agitated  and  uustable  condition ;  and  its  iuark.-d 
cling  to  individual  stars  suggests  that  its  development 
take  the  direction   of  accentuating  such  local  condom 
The    example    of    the     Pleiades    was  recalled     to 
Barnard;    and    it    may    be    that    the    formation    in 
presents  us  with  an  analogous  a  ion  in   an  ear! 

of  growth. 

One    in     many    respects    similar    was    poO 
Cepheus  by    Professor   Barnard    13th    October     18 
traced  in  it  "  numerous  irregular  vacancies  and   zigzag 
and  noticed  it  to  "  mingle  indefinitely  with  masses  of 
stars    and    become    part    of    them."  '      This    nebula    i* 
degrees  in  diameter,  and  rudely  circidar  in  shajx 
far-spreading    and    complex    is    a    wonderful    nebulous  i 
vaguely  centred  at  a  point  near  £  Cygni.  but  extending 
ward  to  a  distance  of  at  least  eight  degrees.     Dr.  Max  W 
who  virtually  discovered  this  vast   formation  by  hi*  phi 
graphs  of  1891,  considers  it  to  embrace  all   the  stars, 
and  faint,  that  come  within  its  scope ;  *  and  we  can: 
that  a  heterogeneous  system,  partly  stellar,  partly  nebular 
here  presented  to  view.     But  the  particularities  of 
position  evade  for  the  present  profitable  inquiry. 

Barnard's  circular  nebula   in  Monoceros 
which    to   the  eye   seems    to  draw  a  line  of  cirrumva] 
round   the  cluster  within,  but  lose?  in  photographs  all 
of  anuularity,   may   provisionally   be  classed  aa  ■  trmgul 
A  tine  picture  taken  by  Dr.  Roberts  5th  March  1899  *  tl 
the  nebulosity  to  extend  over  a  space  about  77 
form  of  a  cloudy  aggregation  "  broken  up  into  wisps, 
and  curdling  masses,  densely  dotted  with  stars,*  and 

'  Kwnclaig*,  voL  xrii.  j>.  17. 

*  Ibid.  toI.  xiv.   pp.  1S3,  WOi  Vtwmtiery,  rtl    uv.  ]►.  30!  .  .4 Mr 
Xo.  3048.  •  Stwicitty, 
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"  many  dark  areas  with  and  without  either  stars  or  nebulosity. 
Some  remarkable  black  tortuous  rifts  meander  through  the 
nebulosity  on  the  north -preceding  half  of  the  nebula;  their 
margins  are  sharp  and  well  defined  in  the  midst  of  dense 
nebulosity.  They  are  as  clearly  cut  as  we  see  the  cafions  of 
great  rivers,  but  their  width  may  in  reality  be  millions  of 
miles." 

Irregular,  too,  is  a  beautiful  winded  formation  distantly 
resembling  the  Orion  nebula,  photographed  by  Schaelierle  in 
the  vicinity  of  Nova  Auriga-.1  The  physical  investigation 
of  all  these  objects  will  provu  an  arduous  but  interesting 
task.  The  measurement  of  their  radial  movements,  especially, 
should  help  to  define  ideas  regarding  their  true  statu-*  in  tli«* 
heavens. 

1  A$tr.  an.1  JHrophytia,  toL  xL  fr  BJ| ,  Wolf.  Adr.  KatK  Ko.  SI  SO. 
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The  "  dumb-bell "  nebula  in  Vulpecula  (M  27  -  I 
might  almost  be  called  a  hybrid  between   the 
irregular  species.     Its  affinities  are  indeed  bo  nurueroi 
embarrass  its  classification.      Imperfectly  seen,  it  appears 
and  such    it  was  considered    to    be   by  the   elder 
What  survives  of  it  when  the  fainter  porta  are  oblitei 
dim  air  or  bad  definition,  suggests  the  bell-shaped  reospU 
detached  from   the  neck  of  an  hour-glass.      And,  in 
succession  of  instances  is  unbroken,  from  bi-uuclear  p 
through  the  "  dumb-bell  "  stage  to  unmistakable  pairs  of 
thinly  connected   by  hazy  stripe.      This  point    has, 
been   already  referred   to.     The   dumb-bell    nebula, 
possesses  a  nuclear  Btar,  situated  at  the  narrowest  point  < 
neck  ;  and  it  is  difficult  to  conceive  of  the  neck  aa  other 
a  temporary  arrangement.     Many  indications  favour  the 
that  it  will,  sooner  or  later,  break   up  and  disappear,  lea 
the  star  regent  over  the  masses   finally  disjoined      And 
curious  to  remember  that  just  such  an  interjacent 
in  several  compound  nebular  systems. 

A  tendency  to  form  a  marginal  ring  is,  on  the  other 
visible  in  this  nebula.  A  photograph  takeu  Ly  Mr.  W 
Wilson  of  Doramona,  Ireland,  which  we  are  permitted  by  hi 
to  reproduce  in  Plate  XXX,  shows  an  incomplete  bright  bor< 
to  be  a  leading  feature  in  ita  construction.  Whether  in  t 
future  it  is  destined  to  become  predominant,  we  can  acaroi 
venture  to  surmise.  The  dumb-bell  nebula  u  about 
in  diameter.  The  bright  framework  can  be  seen  in  t 
photograph  to  be  filled  out  into  an  elliptical  aha; 
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supplementary  luminosity,  which,  however,  is  much  stronger 
in  the  original  negative.  Dim  protrusion*  at  the  ends  of  the 
major  axis,  traceable  in  Dr.  iJclierta's  picture,1  intimate 
opposite  outflows,  similar  in  cause  and  character  to  those  sus- 
pected to  proceed  from  the  ring  nebula  in  Lyra.  The  texture 
of  the  "  dumb-bell "  is  lumpy  and  irregular.  Presumably  it 
is  of  an  ellipsoidal  form,  and  routes  on  its  transverse  axia 

The  spectrum  is  purely  gaseous,  and  is  dominated  visually, 
with  more  than  the  usual  emphasis,  by  the  green  nebulium 
line,  while  in  the  photographic  region  the  ray  at  X  3727  was 
found  by  Von  Gothard  to  be  of  quite  peculiar  strength,1 
Symptoms  of  helium-emission  should  tie  looked  for. 

Several  objects  have  been  described  as  miniatures  of  the 
Vulpecula  dumb-bell,  but  the  likeness  may  prove,  on  a  more 
searching  examination,  to  be  only  skin-deep.  Among  its  sup- 
posed analogues  are:  (1)  N.G.C.  1365,  situated  in  Fornax,  and 
described  in  Sir  John  Hamchnl's  Cape  Results}  It  belongs, 
he  says,  to  the  class  of  u  annular  nebula'  with  centres."  but  the 
ring  breaks  off,  leaving  the  oval  incomplete  at  its  extremities, 
while  the  shorter  axis  terminates  with  two  bright  masses, 
between  which  lies  a  "  resolvable  "  nuHeua,  (2)  N.G.C.  5189. 
In  Musca.  A  "  general  similitude  "  to  the  dumb-bell  was  noticed 
byJ.Herechel.'  (3)  N.G.C.  3195.  In  Chameleon.  A  drawing 
is  given  in  the  Cape  Result*.  (4)  N.G.C.  1978.  One  of  the 
nondescript  inmates  of  the  Magellanic  Cloud  (5)  N.G.C. 
GOO'.  A  gaseous  nebula  in  Cygnus,  with  a  star  in  the  centre,  and 
hair  attendant  upon  it,  like  satellites.  (6)  N.G.C.  3226, 3227. 
A  double  nebula,  near  y  Leonis,  consisting  of  two  hazy  masses 
MiliM-nsiUy  united  by  a  "  neck,"  and  enclosed  in  a  dim,  elliptical 
sheath.  All  these  various  structures  may  not,  indeed,  be 
traversing  the  same  line  of  development.  In  some,  the 
annular  tendency  will  perhaps  eventually  prevail,  in  some  the 
disruptive.  The  balance  between  opposing  forces  is  unlikely 
to  incline  everywhere  the  same  way,  and  upon  its  poise  de- 
|s-nds  by  supreme  apjtointment  the  special  form  to  be  assumed 
in  rhe  tours*-  of  ages  by  each  individual  system. 

The  "  Crab"  nebula  in  Taurus,  discovered  by  Dr.  Bevis  in 

1  CtUttial  I'hot.j'/rajJi^  Tol.  i.  p.  113. 

-  Aatr.  Sarh.  No.  3738. 

'  C»j*  h'tsulls,  [>.  20.  *  Ibid.  p.  24. 
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1731,  was  again  noted  by  Messier,  12th  September  1758/ai 
a  "  whitish  light,  elongated  like  the  flame  of  a  taper.*"  B* 
took  it  at  first  for  the  comet  he  was  in  search  of;  and,  :• 
avert  future  confusion  of  the  kind,  adopted  the  me  moral 
pedient  of  constructing  a  catalogue  of  nebulW  The  specaun 
at  present  in  question  measures  5'  along  its  greatest  diameter. 
and  about  3'  across.  Lord  Bosse  gave  it  its  distinctive  mint 
from  the  protruding  filaments  resembling  the  claws  of  * 
crustacean,  brought  to  view  by  his  great  reflector.*  These 
have  not  yet  been  photographed.  On  a  plate  exposed  during 
three  hours  by  Dr.  Koberts,  2nd  February  1892,  there  came 
out  an  ovate  body  composed  of  "  dense  masses  of  cloodft 
with  fainter  areas  between  them,"  a  deep  bay  on  one  aide 
being  counterbalanced  by  a  projecting  limb  on  the  other.'  X< 
tentacular  appendages  were  disclosed. 

The  spectrum  of  the  Crab  nebula  appears  to  be  rather 
strongly  continuous  than  is  usual  in  the  gaseous  class,  to 
it  unquestionably  l»elongs.  For  at  Harvard  College  in  186H 
the  green  nebulium  ray  was  recorded,  and  was  suspected  to  hat* 
less  refrangible  companions* 

Another  object  of  dubious  relationships  is  Messier 
(N.G.C.  1068),  Lord  Rosae'B  "blue  spiral"  in  Cetua.*  The 
description  intimates  an  anomaly,  since  true  spirals  are  ■  v> 
and  give  a  continuous  spectrum.  Now  the  colour  of  this 
object  corresponds,  as  might  have  been  expected,  to  a  gmssooj 
constitution,  whether  of  the  normal  kind  or  in  certain 
peculiar,  remains  to  be  proved.  Its  form,  too,  is  axnbij 
A  drawing  published  by  Lord  Kosse  portrays  a  round, 
disc  more  than  2'  in  diameter,  upon  which  are  relieved  the 
brighter  coils  of  a  definitely  separated  central  mass.  In  Dr. 
Roberts's  picture  (see  Plate  XXVIII.  Fig.  2),  on  the  other 
hand,  there  is  no  trace  of  a  convoluted  structure.  It  ahem? 
■  a  stellar  nuoleus  with  projecting  ansa?  of  dense  nebulosity  " 
surrounded    by  a  faint    zone,  and    that  again  "by    a   broad 

1  Omn.  tto  Tempt  pour  178^  p.  229. 

1  Smyth,  Celestial  0**\ .  p.  14.'.  («d.  18S1). 

Phil.  Trans,  rota,  exxxiy.  p.  322,  cli.  |i.  715  ;    Trans. 
vol.  ii.  ik  47. 

«  UtlfMial  Photograph*,  rol.  i-  p.  62. 

Harvard  Annals,  vol.  xiK.  pp.  54,  8fl. 
•  PhU,  Tran*.  toL  cli.  p.  718,  pUte  xxv.  fig.  & 
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nebulous  ring  studded  with  strong  condensations "  like  inchoate 
stars.  A  different  asjiri  wa-s,  howrver,  assumed  if/  the  otyaol 
in  a  photograph  taken  by  MM.  liaillaud  and  Ilaurgct  in 
1899  with  the  thirty -thrw-imh  rWl.vtor  of  tl i*-  Toulouse 
Observatory.1  The  nucleus  hen*  again  resolved  itself  Enta  tbi 
winding  folds  seen  at  I'ansouslown,  and  a  paler  spiral  formation 
served  for  its  backgn  ii.d  It-  obtnoter  continues  in  many 
respects  enigmatical. 

M  77  is  copied,  in  Professor  Holden'*  opinion,  quite  ac- 
curately by  a  nebula  in  tho  sunn  i-omtt**llatiou  (N.G.C.  1084). 
Under  the  gaze  of  th«  camera  it  may  resume  tin*  spiral  shape- 
obscurely  visible  to  tht-  raraou.it<inn  nhM-rvrrs.  notwithstanding 
their  final  description  of  it  as  "  a  line  oval,  with  lagged  edge 
and  a  mottled  look"  indent**!  hy  " a  dark  l«*y  north  of  the 
nucleus."8  Judging  by  analogy,  it  should  yield  a  gaseous 
spectrum;  though  the  <  ircurmitanri*,  eonsiderin^  it*  remoteness 
from  the  Milky  Way,  wuuld  he  exceptional 

Messier  78  (N.G.C.  2068).  in  Orion,  is  a  "singular 
wispy  nebula,"  6^  or  7'  IBP*".  ■  uv  Joking  a  triple  star,  surmised 
to  vary  in  light8  An  arrangement  of  the  more  luocnt 
nebulous  tufts  along  a  spiral  curve,  nftinued  visually,4  i*  denied 
photographically.  Dr.  Roberta's  plate  exhibits  a  central 
lumulus,  Hliarply  terminated  on  one  side,  vaguely  diffused  on 
the  other,  the  dense  uuulcar  jwirt  being  surrounded  by  dim 
lloecules  with  wide  dark  s|>aces  Ijetween/'  A  smaller  adjacent 
nebula  (X.li.C.  2071)  has  a  stellar  focus,  to  which  appurten- 
ances like  "  mare's  tails "  are  attached.  The  distance  from 
centre  to  centre  of  the  two  nebuhe  is  about  15'  of  arc, 
and  they  can  be  made  out  to  be  in  faint  nebulous  connection ; 
)>ut  neither,  Dr.  Rolerts  expressly  states,  gives  indications 
of  |MisKussiug  a  spiral  form.  Their  spectra,  which  are  probably 
discontinuous,  have  scarcely  been  examined. 

That  of  "a  line,  pale-white  object"0  in  Canes  Venatici  is 
known   t..  lie  continuous.7     Discovered  by  Mecliain  in   1781, 

1    Om\)*t$  liendtu,  U  exxvi.  p.  1191. 

-  IhU.  /V-ni.1.  vol.  t-li.  |>.  "13  ;  Tram.  Royal  Dublin  Society,  vol.  ii.  p.  32. 

1  Wct.lt.  iMrstt.it  t/hjrct.<,  vol.  ii.  p.  188  (5th  edition). 

*    Trun-.   Ii"\ml  iHtblin  Society,  rol.  ii  p.  51. 

Knuirletl'je,  vol.  tviii,  p.  253. 

,;  Smyth,  i.'ettsthl  Cycle,  p.  Ml. 

*   //'invin/  Annul-,  vol.  nxiii.  p.  144. 
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M  94  (N.G.C.  4736)  is  large  and  bright;1  its  nucleus. 
is  granular  in  texture,  and  evidently  globular  in  shape, 
surrounded  by  a  zone  of  extremely  dim,  and  that  again  by  * 
zone  of  relatively  intense  luminosity.  The  outer  annuls* 
appears,  in  a  photograph  taken  by  Dr.  Roberts,9  to  be  brolcea 
up  into  nearly  a  dozen  irregular  star-like  condensations.  TW 
abrupt  opposite  projections  from  it  explain,  possibly,  the  qua*- 
Rpiral  aspect  of  the  nebula  in  the  Rosso  reflector. 

A  circular  object,  one  minute  of  arc  in  diameter,  and  of  « 
"  lucid  pnle-blue  colour/'  was  met  with  by  the  elder  Herschel  n 
the  constellation  Hercules,  and  ranged  in  the  planetary  claw1 
(N.G.C.  6299).  D'Arrest  described  it  as  a  "nebulous  disc.* 
invested  with  a  ■  nebulous  sheath,"  so  that  its  passing  fox  a 
comet  in  1819  is  easily  understood.  Nevertheless.  Sir  Willua 
Huggina  found  it  to  shine  with  perfectly  continuous  light.' 
and  it  was  thought  at  Parsonstown,  on  9th  May  1872,  to  be 
resolved  into  a  globular  cluster.6  It  should  be  added,  however. 
that  an  undoubted  planetary,  N.G.C.  2022,  was  seen  with 
the  same  instrument  under  a  similar  illusory  aspect  There 
is  indeed  much  difficulty  in  admitting  the  nebula  in  Ifercnk* 
to  be  a  genuine  cluster.  Its  cometary  envelope  and  the  azure 
cast  of  its  rays  are  almost  contradictory  of  a  stellar  composition. 
But  until  a  photograph  of  its  spectrum  has  been  obtained 
nothing  can  be  definitely  asserted  on  the  subject.  The  quantity 
of  light  available  for  analysis  is  about  equal  to  that  given  by 
a  ninth-magnitude  star. 

A  nebula  in  Virgo  (N.G.C.  4900)  looked,  when  ill 
with  the  Itoeae  reflector,  something  like  the  Owl  planetary  in 
Ursa  Major.9  A  bright  patch  in  the  centre  seemed  to  have 
dark  spots  on  either  side,  the  whole  being  surrounded  by  a  luod 
annulus  or  coil.  Yet  on  a  plate  exposed  at  Crowtamigb, 
during  three  hours,  no  spiral  structure  emerged  to  view,  although 
the  nebulous  condensations  visible  in  the  interior  were  judged  to 
be  of  the   kind  usually  found  to  accompany  epirtdity.7     The 

1  J.  Hernial,  Phil.  Tram,  vol.  cxxiiL  p.  434  •  Rom,  rVwu.  A**/ 
Society,  rol.  ii.  p.  122. 

»  CtUMiat  Phottyraj**,  tfll.  \.  p.  81. 

•  Smyth.  Ok*i*t  tyei*,  V-  4*2 :  W«bb,  C*U*4*I  Ofyit*,  »©1.  ft.  ft,  IK. 

I  J'hit,  Trntu,  vol.  clvi.  p.  V>  ;  Hamrd  AnnaU,  vol.  xxtHi,  ft.  144. 

1  Trans.  Ji*yol  Dublin  SociHjj*  vol.  ii.  i>.  1M. 

"  Ibid.  p.  133.  '  CtUtiol  I%*miM  vol  iL  ft.  It*. 
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formation,  indeed,  look*  completely  amorphous      It  is  prolmhly 
of  a  non-gaaeoua  nature. 

The  mutual  relationships  of  many  of  the  nebulas  just 
described  are  doubtless  very  close.  Their  elucidation  offer*  a 
tempting  and  profitable  field  of  research.  Specimens  in  some 
respects  anomalous  are  often  the  most  instructive  to  study. 
Abortive  features  may  be  found  in  them,  or  half-develnped 
characteristics,  isolated  from  their  accustomed  surroundings; 
and  thereby  laid  lure  to  scrutiny.  Advantageous  standpoints 
for  comparison  and  correlation  would  thus  be  gained ;  and 
where  these  are  effectively  practicable,  science  cannot  mitt  the 
path  of  progress. 


CHAPTER    XXXIX. 

VARIABLE    NEBULA 

Thk  occurrence  of  local  changes  of  brightness  is 
certain,  as  we  have  seen,  in  some  of  the  great  irregular 
and  may  be  Buspected  in  others.  Variability  affecting 
objects  in  their  entirety  must  then  be  admitted  as  prwwb 
No  doubt  the  phenomenon  would  introduce  ideas  difficult 
adjust  and  unexpected ;  but  the  heavens  are  full  of  gurpri* 
The  immediate  question  to  be  put  regarding  it  is.  Does  it  real 
Bubeist?  The  answer  must  be  given  with  extreme  rirvumap 
tion.  The  visibility  of  nebula:  depends  upon  contrast 
blackness  of  the  sky  has  as  much  to  do  with  it  as  tin 
of  the  filmy  masses  projected  against  it.  They  arc  besides  *| 
to  disappear  with  high  magnification,  and  thai  for  two  ream 
First,  because  of  the  diffusion  over  a  larger  area  of  the  as 
quantity  of  light ;  secondly,  because  of  the  restriction  of  d 
background  in  narrower  fields  of  view.  Hence  these  a 
drawbacks  to  the  employment  of  large  telescopes  in  nebul 
observation.  The  history  of  Tempel's  Merope  nebula,  mark* 
by  vicissitudes  ascribed  again  and  again  to  intrinsic  causes,  no 
fully  recognised  as  non-existent,  ia  a  warning  against  had 
conclusions  on  so  delicate  a  point  The  lesson  has  indeed  \m 
so  thoroughly  learned  that  changes  of  the  sort  have  of  late  bet 
announced  only  with  a  certain  timidity,  and  under  retort 
Caution  in  the  matter  can.  indeed,  hardly  be  blamed  for  m 
aggeratiou,  in  view  of  Swift's  remark  that,  after  tin1  KrakaU 
eruption,  many  faint  nebula?  absolutely  disappeared.1  Ni 
need  we  go  beyond  Chaoornao's  "  temporary  nebula  ■  for  I 
exemplification  of   optical  caprices.     On  1 9th  October 

1  Sidereal  Mtmtngtr,  vol.  iv.  p.  4. 
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the  French  observer  noticed  a  striated  haze  (N.O.C.  1988) 
attached  to  the  star  f  Tauri,  which  seemed  to  have  gained 
brightness  in  the  ensuring  January.  No  oue  else,  however,  saw 
it,  and  it  had  vanished  by  20th  November  1862.  According 
to  Tern  pel  it  never  shone  in  the  sky,  hut.  was  a  toleacopii- 
creation — a  false  image  of  an  eleventh-magnitude  star  omr 
f  Tauri;1  and  Burnhnin  tmhi'sitatiagly  adopts  thi*  opinion- 
Thirty  years  later  its  reality  could  have  been  tooted  by  phut*- 
graphic  means;  but  astronomers  in  those  day*  had  to  rely  ujon 
the  fallible  human  i.  <  m  . 

Chacornac  s  phantom  formation  emerged  near  the  siu*  of 
two  genuine  nebular  Novo.  On  11th  Octal**  1852.  Bind 
detected,  close  to  a  star,  then  of  the  tenth  magnitude,  bnt  since 
registered  as  an  irregular  variable  under  the  designation  T  Join, 
a  dim,  round  nebula  (N.G.C.  1555)  which  brightened  steadily 
until  1856,  when  it  was  uhvious  to  grneral  observation.  A  com- 
paratively  rapid  decline  ensued.  Auwera*  could  Urek  disown 
the  object  with  the  Konigsberg  helioxueter  in  January  1868  ;  to 
d'Arrest,4  using  the  eleven -inch  Copenhagen  refractor,  it  wm» 
wholly  invisible  3rd  (Jetober  1 8C 1 ;  in  1  Sfil1  it  was  vainly  sought 
at  Paris  and  at  Malta  with  Knui-ault  s  and  IjwoH'h  great  niirrors  . 
Hind  himself  was  una  hi*-  t*>  timl  it;  Seei-hi,  under  the  pure 
Koman  sky,  was  equally  unsuccessful ;  only  at  Pulkowa  it  con- 
tinued  to  glimmer  just  perceptibly  for  a  few  months  longer. 
From  186:1  the  Hky  in  its  place  seemed  a  dead  blank.  At 
List,  loth  Octolier  1H90,  Mr.  Burnham  requested  his  colleague, 
Professor  I  laniard,  to  examine  the  region  with  the  Lick  thirty- 
six-iiuh.  whereupon  a  nebulosity  about  50"  in  diameter,  and 
s«>  faint  as  to  U»  at  the  limit  of  vision,  was  detected*  (see 
Fig.  49).  Burnham  too  saw  it,  but  believed  that  he  could 
not  have  done  so  independently,  his  splendid  powers  of  sight 
being  better  adapted  to  the  discernment  of  concentrated  than 
of  diffused  light-rays. 

The  nebula  was  again  observed  by  Barnard — and  with 
somewhat   increased    facility — in    February    1895.6        Seven 

1  Hn-yer,  M*moir<  Iloynl  A*r.  Society,  vol.  xlix.  p.  216. 

1  Monthly  Xotices,  toL  lii.  p.  455. 

s  .(-/,.  .V-cA.  N.».  1591.  *  Ibid.  No.  1366. 

Lick  I'uMieatioiu,  vol.  ii.  p.  176. 

'•  Monthly  SotictM,  vol.  Itl  p.  66. 
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months  later  he  was  amazed  to  find  it  utterly  gone  |  fi 
search  was  repeated  on  three  nights,  under  supremely  g» 
conditions,  with  the  same  negative  result.  And  the  object,  sol 
from  evading  the  grasp  of  large  apertures,  ia  peculiarly  fitted  t 
observation  with  them,  owing  to  its  small  size  and  compi 
shape.  Nevertheless,  the  forty-inch  Yerkes  refractor  Called 
show  it  ot  all  in  1897,  and  barely  enabled  Barnard  to  catch 
glimpse  of  it,  28th  September  1898.1  Finally.  Profim 
Keeler  obtained    faint  images  of  it  oil   two    Crosaley  pi* 

exposed  during  four  hot) 
•: oh,  in  December  1891 
A  copy  of  Ids  drawing  fre 
them  ia  given  in  Fig.  5 
It  exhibits  the  nebula 
composed  of  three  vague 
defined  patches,  united  by 
dim  haze,  the  camera  tur 
as  usual,  descried 
complexities 
by  the  eye.  On 
January  1900,  the 
refractor  just  availed 
bring  it.  into  view,  and 
has  not  since  hem 
i  vuiu.      of.     To  Professor 

iw*oct/.b«!&*Ha%nianu  appeared   inconceivable  tfa 

in  its  present  obscure  sts 
it  could  ever  have  been  seen  with  small  telescopes;  and  inde 
the  evidence  of  variability  is  conclusive.  Will  it  ever  racos 
any  of  its  lost  brightness  ?  It  may  be  doubted.  The  chmag 
so  far  undergone  by  it  have  been,  though  comparatively  aftf 
strictly  analogous  in  character  to  those  of  "  new  ■  stars  ; 
presumption  hence  arises  that  it  will  share  their  fate  of  pf 
manent  extinction.  There  is  much  reason  io  suppose  th 
Hind  noted  in  1852  an  early  stage  of  it?  kindling;  that  i 
maximum  in  1855-56  was  solitary,  its  declension  irrcthevmbl 
Strange  to  say,  the  phenomenon  was  duplicated.  Whi 
looking  fruitlessly  for  Hind's  nebula,  Otto  Struv*  came  up 
another  unfamiliar  object  (N.G.C.    I".i4)  4'  eawt  of  its  pi 

1    )/..,./>,/ 7  iftJCMt  »oL  lix.  p.  H  •  IbtA.  rot.  Is.  p.  «S«. 
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deceaaor's  empty  place.  Thin  was  early  in  1868  ;  and  the  Nova 
— for  d'Arreat  was  sure  of  its  previous  non-existence ' — was 
kept  in  view  until  1877,  when  absolute  obliteration  covered  ii. 
Even  Barnard's  quest  for  it  in  1890.  1895.  and  1809  was  in- 
effectual, ltd  former  poKitiou  i*  marked  in  Heeler's  drawing 
(Fig.    50)    by    the    thirteenth -magnitude    star    t,    but     no 


Ph..  SO.-- Ki*„-i-ii  uf  T  T.»  rt  add  Hindi  VariaM*  Nebula.     Onwii  trvta  Ptaotogrtpka 
by  frofeaaur  Kwl«r. 


nebulous  impression  was  there  made  upon  the  plates.  Dr 
IiOlterts  bad  indeed  already,  in  1890,'  vouched  for  its 
photographic  disappearance.  When  last  seen  by  Tempel* 
i>th  NovemUr  1877,  the  nebula  was  90*  across,  and  d'Arrest 
had  expressly  recorded  the  presence  in  it  of  an  eccentrically 
situated,  though  definite  nucleus. 


1  Astr.  y.tch.  No.  1630  ;  lUrnwd,  Monthly  Xotica.  rol.  It.  p.  442. 
"  .V..  !hl,i  X  '..*«.  toI.  I.  p.  440.  ■  A*r.  Pack.  No.  2212. 
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Hi  iid's  and  Struve's  nebulie  were  bright  enough,  a*  Pn> 
feasor  Barnard  recalled  wonderingly,1  to  be  ranked,  soon  after  tht 
middle  of  the  lost  century,  in  Hersehel's  first  and  second  claosi 
respectively.  Both  were  watched  "  and  measured  by  the  be* 
observers  then  living,"  and  "  were  easily  visible  in  ordinary  tefe- 
scopes."  Yet  one  survives  only  as  a  fitful  shimmer  ;  the  other  » 
utterly,  and  probably  for  ever,  quenched.  They  axe  perhapi 
ob3curely  connected,  and  the  system — if  such  it  can  he  tensed 
—may  include  the  nebulous  variable  T  Tauri ;  although  nebel* 
and  star  alike  seem  to  fluctuate  in  complete  itidej>endeace  on* 
of  the  others. 

These  are  the  only  authentic  instances  of  temporary  neboUi 
developments;  but  allegations  of  nebular  light-change  a» 
common.  Some  have  proved  groundless  ;  not  a  few,  however, 
rest  on  a  solid  substratum  of  fact.  The  following  may  serve  m 
specimens. 

On  17th  October  1785  William  Herschel  discovered,  doc 
tar  from  Algol,  "  a  pretty  bright  star  with  two  faint  branches " 
(N.G.C.  1186).  Sir  John  verified  the  observation,  while  esti- 
mating the  stur  at  only  fourteenth  magnitude  (about  twelfth 
on  the  modern  scale).  Yet  neither  it  nor  its  appendages  coold 
be  seeu  with  the  Parsonstown  reflector,  and  d' Arrest,  after 
diligent  and  repeated  search,  affirmed  decisively.  Nostra  aiaU 
in  hoc  regione  tele  quid  non  exetat  in  c<e!o}  The  lost  object 
nevertheless,  came  again  into  view  in  1891.  On  Slat  January 
md  26th  February  of  that  year,  Bigourdan,  using  the  tlnrteen- 
ineh  Paris  equatorial,  perceived  it  as  a  twelfth-magnitude  star, 
with  an  unmistakable  "  fan  "  uf  nebulosity  spreading  from  il 
over  1'  of  arc.  Only  a  fortnight  later,  Spitaler  made  e 
drawing  of  the  object  with  the  Vienna  twenty -seven-inch,  and 
described  it  as  an  elongated  nebula,  not  regular  enough  to  he 
called  elliptical,  2'  in  extent,  and  including  a  focal  star  of  the 
eleventh  magnitude.3  And  Burnham,  in  the  following  August, 
"  readily  found  in  the  proper  place  a  truth  -magnitude  star  in- 
volved in  a  faint  elongated  nebula  "  measuring  at  least  2'  or  3'.' 
During  the  course  of  1891,  accordingly,  the  star  seems  to  bare 


1  MoHlkly  Jtoti**,  vol.  lv.  p.  4ft]. 
Quoted  by  Uigourdtn,  CvmpU*  JUnd**,  t  cxii.   |^  471. 

»  Artr.  XacA.  Not.  3030,  3167,  SMl 
4  rubtUatUjn*  o/  th4  Lxk  (Jbcrvatoru.  vol.  tt  p.  171. 
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been  progressively  gaining  light  and  the  nebula  compass.  Hut 
if  the  star  only  were  variable,  the  attached  nebula  would  have 
appeared  to  shrink  and  become  effaced  as  the  bright  point 
within  it  acquired  intensity.  Its  simultaneous  increase  could 
not  have  been  conn Uirfei ted.  Proof  wae  afforded  by  it  that  tbe 
growth,  like  the  previous  failures  of  luminosity,  were  duo  to 
influences  diffused  throughout  every  purl  of  tbi  f« >rninlion. 

The  next  variable  nebula  was  a  M  find  "  of  Barnard's.  It 
was  conspicuous  to  hiui  30th  November  1888.  Ho  judged  it 
equal  to  a  ninth  or  tenth -magnitude  star,  and  remained  con- 
vinced that  its  lucidity  was  of  recent  origin.  Three  years  later 
it  had  parted  with  quilt  four-fifths  of  its  lustre,  and  hod  faded 
down  nearly  to  evanescence.1  It  is  situated  in  Cetua.  No 
information  is  at  hand  as  to  whether  its  decline  has  run  I 
since  1891.  Unleas  anvated,  it  must,  before  the  century 
closed,  have  carried  it  out  of  sight  even  of  the  chemical  retina, 
and  the  object should  then  pmbnbly  lie  relegated  to  the  clam  of 
"temporaries.'  The  ijuostiou  is  of  great  interest,  and  might 
be  answered  by  inking  one  long-exposed  photograph  with  a 
portrait-lens  or  a  large  reflector. 

This  is  not  the  only  case  in  which  an  accession  of  tirighl- 
ness  has  been  thought  to  be  demonstrated  by  the  lateness  of 
discovery,  A  nebula  was  encountered  by  Tuttle  in  Draco, 
1st  September  1859  (N.G.C.  6643),  which,  in  d'Arrest's 
opinion,  should  certainly  have  been  caught  in  the  meshes  of 
the  Herschelian  nets  unless  in  their  time  comparative  obscurity 
had  enveloped  it.  Similarly,  a  nebula  in  Camelopardalis  de- 
tected by  liarnard  in  1889,3  and  again  independently  by  Denning 
in  1890,*  could  not  long,  Barnard  considered,  have  been  thus 
readily  apparent.  He  recommended  its  being  kept  under 
surveillance  as  a  probable  variable,  but  as  yet  it  has  shown 
no  sign  of  lieing  ho;4  unless,  indeed,  Swift's  earlier  observa- 
tion of  the  same  object,  recorded  without  date  by  a  simple 
entry  on  a  star-map,5  indicated  a  previous  maximum.  Another 
instance  of  a  possible  rise  in  the  scale  of  luminosity  is  afforded 
by    a    small,  fairly  bright    nebula    in    the  Camelopard,  first 

1  Attr,  Xaeh.  No.  3097  ;  Mvnthly  Xotieu,  rol.  U.  p.  462. 
-  A<4r.  Xach.  No.  3097.  »  06»r— friy,  voL  xw.  p.  104. 

4  Denning.  AMr.  Xaek.  No.  3111. 
A  fir.  nH'l  A  atrophy tict,  rol.  %L  p.  MS. 
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observed  by  Denning  30  th  September  1891.  and 
again  faux  times  in  the  ensuing  month.  Yet  his  in&nv  \ 
vious  reviews  of  the  6ky-contents  in  that  neighbourhood  I 
failed  to  elicit  any  trace  of  its  existence.  Like  Barnard's  t 
Tuttle's  "  new  "  nebula,  however,  it  has  apparently  com* 
stay ;  and  since  variability  is  in  sidereal  bodies  usually  an 
eradicable  property,  the  hypothesis  of  an  ascent  from  tnv 
bility  cannot  safely  be  accepted  until  a  corresponding  doc 
has  been  entered  upon. 

The  irregular  variability,  on  the  other  hand,  of  I 
nebuhe  adverted  to  by  Wiunecke  in  1877-78*  is  almost  ine 
testable.  The  first  (N.G.C.  3666)  is  in  Leo.  Elliptic 
shape,  in  size  90"  by  40",  it  was  marked  "  very  bright " 
the  elder  Herschel  15th  March  1785,  but  "  extremely  fail 
23rd  March  1830,  by  the  younger,  who  added  the  "^miirl 
"  This  nebula  must  have  changed  greatly  if  ever  it  belaaf 
really  to  the  first  class."  But  its  waning  was  not  4ai 
tive.  Boguslawski  inscribed  it  as  a  bright  object  in  1 840  on  I 
Berlin  Academy  star-map  of  that  iegion ;  and  Wiunecke  km 
it,  10th  April  1878,  of  unquestionable  primary  rank.  1 
meantime,  in  1863,  d' Arrest  had  described  it  as  tubobte* 
and  manifestly  of  third-class  lustre  ;  while  again,  on  24th  M 
1887,  Dr.  Dreyer  perceived  its  diminished  radiance  only  w 
the  utmost  difficulty.     Its  further  history  remains  untold 

Wiunecke 's  second  variable  (N.G.C  955)  is  an  inmate 
the  crowded  nebular  district  in  (Jet us.  It  consists,  Bomhi 
..u-,:  of  1'iiir,  narrow  "nebuloOfl  wings  OB  fit  her  Hide  -I 
bright  central  condensation."  M  On  the  whole,"  hfl  contim 
"  it  is  rather  a  curious  object,  and  should  be  easily  found  ■ 
seen."  This  was  in  1891,  an*,  agrees  quite  well  with  Drryi 
notice  of  the  object  in  November  1887  as  "  fully  of  the  sen 
class."8  The  case  for  change  rests  upon  its  invisibility 
Schonfeld  in  Decembe-  1861,  and  to  Vogel  in  Novem 
1865  ;  although  in  lo56,  1863,  ami  1868  it  had  been  mtm 
a  glance  by  Schonfeld  himself,  no  less  than  by  d1  Arrest  i 
Wiunecke. 

"  JAmM/y  Xvticu,  tuL  xxiriii    p.    104  |  Artr.  AVA.   No. 
Attr.  (ta.  Jahrgaug  xiv.  p.  167. 

»  ISttl.  Lick  Obmnatory,  toL  U.  p.  172. 

*  MttnMn  JUyal  Attr.  Socuty,  vol  xtix.  p.  SIS. 
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Winneckes  nebula;  were  at  first  held  by  him  U>  bo 
periodical;  but  this  thoy  oortninly  are  not.  No  fixed  relation 
to  time  has  go  far  been  showu  to  govern  ucbular  fluctuation* 
They  either  consist — according  to  the  beat  evidence  at  command 
—of  a  solitary  maximum*  analogous  to  the  outburst  of  a  new 
star,  or  of  irregular  accessions  and  loasea  of  light.  No  ease  of 
cyclical  recurrence  is  on  record  Photography  is  clearly 
destined  to  play  an  important  part  in  the  investigation 
of  this  difficult  subject ;  its  aid  will  be  peculiarly  welcome 
where  visual  faculties  are  often  battled,  embarrassed,  and 
deceived. 

Nebular  variability  lb  indeed  a  phenomenon  not  only 
evasive  to  the  senses,  but  startling  to  thought.  It  cannot  be 
even  remotely  assimilated  to  the  light-changes  that  progress  in 
certain  globular  clusters;  it  is  independent  of  geometrical  con- 
ditions, of  orbital  movements,  of  planes  and  periods.  Its  cause 
defies  conjecture ;  we  can  only  be  sure  that  it  acts  upon  a  pro- 
digious scale.  Thus  Hind's  nebula  in  Taurus  measured  at 
least  2'  across.  Its  parallax  was  almost  certainly  1ms  than 
one-tenth,  and  may  not  have  exceeded  uue-huudredth  of  u 
second  The  larger  value  would  give,  for  the  smallest  od- 
missible  linear  diameter  of  the  object,  1200  astronomical 
units  (radii  of  the  earth's  orbit)  or  111,000  million  miles. 
Centred  on  the  sun,  it  would  extend  on  every  side  to 
twenty  times  the  distance  of  Neptune,  the  equation  of  light 
within  the  vast  formation  being  six  and  a  half  hours. 
Yet  it  kindled  as  a  whole,  through  the  pervading  influenoe 
of  some  far-reaching  event.  Did  another  dark  nebula  sweep 
through  it  ?  We  dare  not  prsmounoe.  Its  mysterious 
brightening,  however,  hints  at  the  existence  of  an  indefinite 
multitude  of  similar  bodies  lurking  in  the  obscurity  from  which, 
by  some  rare  chance,  it  emerged.  It  introduces  as,  in  fact,  to 
a  realm  of  invisible  nebuhe,  impenetrable  by  observation,  and 
hence  pre-eminently  adapted  for  the9  sports  of  scientific 
fancy. 

Hind's  and  Struve's  vanished  nebulae  were  presumably  of 
gaseous  composition,  like  the  adjacent  glow  round  T  Tauri;1 
Winnecke's  variable  pair  doubtless  shine  with  the  white  light 
characteristic  of  the  elliptic  family  to  which  they  structurally 

Publ.  lick  Obmrvatoty,  vol  U.  p.  176. 
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belong.  Their  remoteness  from  the  Milky  Way  points  to 
same  conclusion.  Luminous  instability  does  not  then  a] 
to  be  associated  in  nebulas  with  any  special  radiative  qn 
Those  giving  continuous,  and  those  giving  diooontu 
spectra  may  equally  be  affected  by  it 


CHAPTER    XL 

THE    NATURE   OP    NEBULA. 

The  relations  of  whit*  to  green  nebula?  are  obscure.  Unitize 
links  between  the  two  classes  have  yet  to  be  established.  In 
most  respects  they  ktand  at  present  widely  ajiart.  They 
present  a  superficial  likeness,  but  their  dissimilarities  seem  to 
be  radical.  They  are  unconnected  by  any  marked  spectral 
affinities;  they  differ  organically  in  structure;  their  distribu- 
tion on  the  sphere  is  regulated  by  opposite  principles.  Hence 
their    genealogical   precedence    remains  unsettled.      It   would 

)»e  rash  to  Say  that  either    family  developed    iruui  the  other,  ur 

even  that  they  are  collateral  offshoots  from  a  common  stock. 
That  a  line  of  continuity  will,  sooner  or  later,  become  trace- 
able \*  more  than  likely,  but  we  must  wait  for  the  guidance 
01  facts  with  regard  to  it;  premature  divinatory  efforts  are 
usually  good  for  lews  than  nothing. 

As  to  the  constitution  of  white  nebula?,  we  seem  on  the 
veiye  of  knowing  something  definite.  Premonitions  of  their 
heini; ;1  species  of  fine-grained  star-cluster  have  become  audible. 
The  subject,  however,  is  not  ripe  for  discussion.  A  compara- 
tively advanced  stage  has,  on  the  other  hand,  been  reached  by 
the  problems  connected  with  gaseous  nebulse,  since  their 
*|Hf-ira  let  us,  to  a  certain  extent,  into  the  secret  of  their 
i-o)u|Hisition.  This,  on  the  whole,  seems  to  be  remarkably 
uniform.  Individual  differences,  it  is  true,  both  physical  and 
•  hemieal,  distinguish  the  various  members  of  the  class;  but 
:!iiv  .ire  of  a  sul>ordinate  kind.  We  may  then  safely  attempt 
f*<  generalise  as  regards  a  few  of  their  more  obvious  properties. 
Thir«'  ■•!'  these  can  be  at  once  enumerated  : — 
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(1)  Gaseous  nebula?  are  almost  perfectly  transparent  - 

(2)  They  shine  with  extreme  feebleness, 

(3)  Their  mass  is  vanishiugly  small  in  proportion  to  ll 
bulk. 

We  will  take  each  point  separately.  That  nebula?  offer 
appreciable  obstacle  to  the  transmission  of  light  is  attested  by 
the  unaltered  radiance  of  stars  shining  through  them.  Wi 
absorption  that  can  possibly  be  due  to  the  cosmic  fog  it 
which  they  are  plunged  to  depths  of  many  millions  of  mike. 
is  traceable  in  the  spectra  of  such  objects  as  6  Ononis,  of  ^ 
Ophiuchi,  of  Maia  or  Merope  in  the  Pleiades.  Similarly,  ll* 
central  stars  of  planetary  nebulae  shine  through  an  interposed 
medium,  the  extent  of  which  is  measured  by  the  radius  of  each 
gaseous  globe  ;  and  this,  by  a  rough  minimum  estimate,  cu 
rarely  be  less,  and  must  often  be  a  great  deal  more  than 
50,000  to  60,000  million  miles.  Yet  from  the  heart  of  thaw 
extraordinary  formations  the  light  of  their  nuclei  comes  to  as. 
so  far  as  it  is  possible  to  judge,  absolutely  intact, 
potence  of  comets  for  light-stoppage  is  thus  vastly 
in  nebula*. 

The  feebleness  of  their  luminosity  is  a  matter 
observation.  A  shining  superficies,  unlike  a  shining 
loses  none  of  its  lustre  with  increased  distance.  Ite 
course  diminishes  according  to  the  law  of  inverse  square*,  bet 
every  minute  element  of  that  area  continues  to  radiate  with 
the  same  intensity  as  before.  The  sun.  for  instance,  is  no  leas 
bright  as  viewed  from  Neptune  than  when  it  c  roast*  the 
meridian  of  Khartoum,  but  it  is  900  times  mailer.  So  with 
the  nebuhe.  They  are  really  as  faint  as  they  appear.  Uaug 
the  best  available  data,  Mr.  Ranyard  arrived  at  the  conclusion 
that  a  planetary  of  the  most  vivid  kind  emits  jier  aqaar* 
mile  less  than  -a-j^no"  millionth  of  the  light  sent  abroad  by 
the  solar  photosphere.  This  implies — adopting  the  result  of 
Longley's  experiment  at  Pittsburg — that  white-hot  iron  glows 
at  least  4,000,000  times  more  powerfully  than  the  bloiah  disc 
of  the  "Saturn"  or  the  "Owl"  nebula.  Moreover,  the  dirlenooM 
in  areal  lustre  between  one  nebula  and  another  repnatet 
actual  varieties  of  emissive  strength.  Ilemoteneas  haa  nothing 
to  do  with  producing  them.     A  deHliuxma — a  "  breath-stain  * 

1  lUnyord,  KwwUdge,  roL  it.  p.  132. 
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on  the  sky — rimy  be  as  near  to  us  as  the  groat  hiatus  in  the 
vault  through  which  Huygens  half-imagined  the  blazing  of 
empyrean  fires. 

Finally,  nebula*  being  prodigiously  voluminous  and  of 
apparently  insignificant  mass,  must  be  of  exceedingly  low  mean 
density.  This  fundamental  fact  was  realised  with  uncom- 
promising distinctness  by  Mr.  Ranyanl  in  1892.1  Taking, 
for  illustrative  purposes,  the  Orion  nebula  to  be  a  sphcr 
in  diameter,  composed  uniformly  of  materials  1,000,000 
times  rarer  than  atmospheric  air  at  sea-level,  he  found  that  its 
mass  would  l>c  *ueh  as  to  impart,  to  a  )x*ly  m  a  distance  IY"in 
its  centre  equal  to  that  of  a  Centauri  from  ourselves,  a  circular 
velocity  of  180,  or  a  parabolic  velocity  of  255  miles  pit 
second.  In  the  neighbourhood  of  the  nebula,  accordingly, 
there  should  be  a  marked  prevalence  of  large  proper  motions. 
A  star,  travelling  acre**  the  line  of  si^ht  under  the  influence 
of  its  attraction  at  the  rate  of  100  miles  a  second,  would,  it 
was  shown,  have  an  annual  displacement  on  the  sphere  of  no  late 
than  25*5",  tad  this  independently  of  remoteoeaB.  For  with 
the  same  angular  dimensions,  the  solid  contents  of  the  nebula 
would  increase  as  the  cuU*  nf  the  distance  assumed  for  it; 
while  the  seeming  velocities  of  bodies  in  gravitational  depend- 
ence upon  it  would  undergo  no  change.  This  is  rendered 
obvious  by  a  moment's  consideration.  For  take  any  given 
■*t«r  circulating  round  its  centre  of  gravity  at  the  rate,  let  us 
•iiippose,  of  100  miles  a  second  And  let  us  further  suppose, 
to  la-pin  with,  that  the  distance  of  the  system  is  such  that  light 
would  spend  ten  years  on  the  journey  thence  to  our  eyes.  Let 
us  now  double  that  distance  and  follow  out  the  consequences. 
First,  the  nebula  is  eight  times  more  massive  than  would  have 
ci'iu]tnrted  with  the  previous  arrangement.  Next,  the  revolving 
■Oar  i»  twice  as  far  from  it  as  before,  since  the  apparent  interval 
lias  not  changed  Whence  we  easily  gather,  by  the  application 
"t  K- pier's  third  law,  that  it  now  moves  with  double  its 
previous  sjieed.  Hut  its  distance  has,  by  hypothesis,  also  been 
doubled  :  consequently,  its  proper,  or  apparent  motion  remains 
iu-t  what  it  was.  If,  then,  the  stars  about  the  Orion  nebula 
w<n*  really  in  swift  circulation,  they  should  appear  to  be 
conspicuously  progressive.     This,  however,  is  so  far  from  being 

1     K i\o\rlftl<ft,   TOL  XT.    p.  191. 
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the  case  that  the  region  is  oue  of  exceptional 
spectroscopic  information  at  command  is  to  a  coi 
effect.  The  six  brightest  Btars  of  the  constellation 
at  Potsdam  in  1892,  proved  to  lie  all  affected,  in  varriai 
degrees,  by  the  retreat  of  our  system  from  that  locality  of  Ui 
heavens,  but  gave  no  signs  of  travelling  rapidly  on  their  osn 
account.  The  conclusion  is  inevitable  that  the  Orion  oebvl 
— and  it  may  be  accepted  as  typical — contains  inentmuMi 
less  matter  than  should  be  comprised  by  it  if  it*  avarap 
density  were  that  of  a  Crookes  vacuum.  Mr.  Banyard,  indesd 
assigned  to  it  a  consistence  not  exceeding  Tr>.Jrnj|U'^,,jlili 
that  of  air  at  standard  pressure,  which,  he  continued.  ■  wonk 
about  correspond  to  the  mean  density  of  the  solar  nebulow 
mass,  supposing  it  to  have  been  spherical  when  its  radio*  w* 
a  little  more  than  107  astronomical  units,  or  when  them 
occupied  a  sphere  with  a  radius  of  a  little  more  than  thrw 
and  a  half  times  the  distance  of  Neptune."  The  potential 
solar  system  in  those  days  lay  muffled  in  the  haxe  of  a  snail 
planetary  nebula. 

Yet  it  is  impossible  to  conceive  of  nebula*  as  formed 
simply  of  matter  in  an  aerial  condition.  They  are  do  bm 
vague  effusions.  They  possess  definite  and  charactantt* 
structure.  Lord  Kosse,1  indeed,  thought  sharpness  of  contoon 
distinctive  of  the  gaseous  kind.  Mr.  Maunder  *  speaks  d 
their  "  strange  and  complicate  shapes,  showing  here  and  then 
Mi-<i ugly-marked  outlines";  and  he  adverts  to  the  diffieak| 
of  explaining  this  peculiarity  in  vast,  uncontrolled 
of  rarefied  gaa.  The  abolition  of  this  incongruity 
of  the  strong  points  of  Sir  Norman  Lnckyer  s  "  metcoriur 
hypothesis "  of  nebular  constitution.  The  spectroscope,  it  » 
true,  pronounced  against  it ;  nebular  chemistry  has  very  litilr 
in  common  with  the  chemistry  of  "  uranoliths " :  yet  am*) 
much  that  was  precarious  or  unsound,  the  valuable  idea  was 
introduced  that  a  proportion  of  solid  matter  most  enter  into 
the  composition  of  nebula?.  Its  condition  and  distribution. 
however,  remain  unknown.  It  would  seem  to  be  devoid  of 
light,  for  the  faint  continuous  spectrum  accompanying  lbs 
nebular  bright  lines  would  be  displayed  even  by 
gaseous  mass,  unless  its  radiations  were  of  purely 

1  /%tf.  Trow,  rol  clriii.  p.  72.  »  A'notttefyc,  toL 
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origin.1  Bat  hen*  we  meet  the  unresolved  enigma  of  nebular 
luminosity.  How  do  they  shine  fr  Is  it  through  the  direct 
agency  of  heat  ?  Experimental  evidence  doe*  not  countenance 
this  view.  In  the  laboratory,  hydrogen  and  helium  can  be 
induced  to  give  out  their  characteriNtic  rays  only  under 
the  stress  of  electrical  excitement.  The  concomitant  high 
temperature  might — as  Sir  William  Huggins  pointed  out  in 
1891 ' — prevail  only  along  the  path  of  the  discharge,  while 
the  surrounding  gases  remained  cool,  producing  inequalities 
in  heat -distributi <m  similar  to  those  believed  to  exist  in 
vacuum  tubes.  If,  on  the  other  hand,  nebular  emissions  were 
of  simply  thermal  production,  the  whole  radiating  mans  should 
be  at  nearly  the  same  pitch  of  incandescence ;  for  if  the 
temperature  were  lower  in  some  than  in  otlnr  of  ils  \»\x\*. 
absorption  lines  or  reversal*  would  betray  the  fact,  and  the 
nebular  spectrum  bears  no  legible  marks  of  selective  h  \\\ 
stoppage  Yet  it  is  eminently  iiniimbable  that  fun  na- 
tions so  circumstanced  are,  in  their  entirety,  excessively  hot 
Their  solid  inclusions  should,  if  they  were,  glow  powerfully, 
and  strong  continuous  radiance  would  replace  the  dim  hand, 
grey  through  famines*,  actually  seen.  On  the  supposition, 
however,  that  electrical  discharges  cause  the  glow  of  nebula, 
their  average  temperature,  judging  by  Dr.  Schemer's  experi- 
mental results,  might  approximate  to  absolute  zero. 

The  word  "  temperature,"  indeed,  when  applied  to  matter 
in  the  last  stage  of  attenuation,  has  an  extremely  dubious 
meaning.  Taking  the  kinetic  theory  of  gases  to  represent 
the  literal  truth,  we  find  the  effects  of  heating  upon  them  to 
U*  twofold,  namely,  increase  (1)  of  translatory,  (2)  of  internal 
energy,  the  latter  being  perhaps  a  consequence  of  the  former. 
•Since,  then,  their  constituent  particles  travel  faster  when  heat  is 
applied,  they  come  into  mutual  collision  more  frequently  and 
more  violently,  That  is  to  say,  if  their  number  per  unit  volume 
n  mains  the  same.  Let,  however,  the  density  of  the  gas  be 
reduced,  othor  things  being  unchanged,  what  will  ensue  ?  There 
will  be  fewer  encounters  in  equal  times,  but  they  will  not  be  leas 
violent,  since  the  meau  rate  of  the  molecules  has  undergone 
no  alteration.      Hence,  apart  from  one  qualifying  circumstance, 

1  Clerk  Maxwell.  Thtvry  of  Jltat,  lOtii  rd.  p.  245. 
>   Cardiff  Addrt*.  p.  «. 
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the  same  species  of  vibration  should  be  set  going  as 
gas  was  denser  and  equally  hot.  The  qualifying 
is  this.  During  the  lengthened  intervals  between 
i  ollisions,  the  molecules  are  radiating  —  that  is,  imparl 
energy  to  the  ether.  If  their  free  paths  were  auffioki 
protracted,  they  would — if  that  bo  possible — lose  all  I 
possess,  and  need  to  be  fully  restocked  at  each  encoun 
The  comparative  isolation  of  the  molecules  would  aocordin 
result  in  their  being  mostly  dark,  and  what  we  must  call  cs 
so  that  the  extreme  subtlety  of  matter  seems  incotnpsti 
with  a  high  temperature  in  any  intelligible  sense  of  the  te 
But  there  is  more.  Keduction  of  pressure  would  have  for 
immediate  result  a  general  diminution  of  luminosity, 
all  probability,  it  would  also  produce  a  selective  effect, 
if,  as  seems  likely,  certain  modes  of  molecular  vibrat 
are  more  persistent  than  others,  they  would,  with  the  | 
gress  of  cooling  after  each  impact,  tend  to  predominate,  i 
the  balance  of  intensity  among  the  spectral  lines  of  a  glow 
gas  would  thus  be  sensibly  altered  Here,  then,  an 
planation  might  be  sought  of  the  spectral  anomalies 
hydrogen  in  nebuhe.  Nevertheless,  it  does  not  run  qi 
smoothly,  since  up  to  the  limit  of  possible  rarefacUoa 
vacuum  tubes  the  crimson  line  of  hydrogen  gains  oonaistea 
in  strength.1  A  corresponding  difficulty  presents  itself 
connection  with  the  helium  spectrum.1  ■  Green  tubes  *  I 
at  a  higher  degree  of  exhaustion  than  "  yellow.**  Y- 1 
nebuke  the  green  ray  is  invisible;  nebular  helium  radis 
only  D$  with  a  few  members  of  the  same  ■  set."  By  mei 
of  artificial  exhaustion,  accordingly,  the  nebular  spectn 
cannot  apparently  be  imitated.  The  only  experimental  d 
to  its  origin, in  fact, is  in  Professor  J.J.  Thomson's  obeenrati 
(already  mentioned)  that  F  and  C  are  of  interchan^esJ 
intensity  at  the  negative  and  positive  poles  of  a  hydrof 
tube. 

To  recapitulate.  Two  fundamental  problems  regard] 
gaseous  nebula'  press  for  solution — one  n  mulcted  with  %h 
structural  forms,  the  other  with    the   nature  of   their 

1  E.  &  F«ry,  PAyncal  rtmw,  rol.  vtt.  p.  • ;  Liwii,  .JtfrcpJL 

p.  141. 

1  M*un-lcr,  £nmcUdgc,  vol.  xix.  |>.  266. 
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Do  they  continuously  till  the  spaces  ther  appear  to  occupy,  or 
should  we   figure  tb-  r    :.         *  collections  of  discrete 

bodies  comparatively  wide  aj>art  ?  In  the  former  case  the  dark 
gaps  and  chasms  which  form  one  0/  their  leading  feature* 
should  be  ascribed,  not  to  the  absence  of  matter,  but  to  «1 
of  shining  power,  illuminative,  not  architectural  contour* 
being  disclosed  by  them.  In  the  latter,  chiaroscuro  effects 
would  be  reliable  indices  to  the  distribution  of  material. 

Secondly,  we  arv  confronted  with  the  mystery  of  their 
shining.  Why  and  how  are  lliey  lucent  ?  Are  they  bright  as 
a  consequence  of  thermal  or  eluctricHl  stimulation,  or  is  their 
radiance  some  undeiinetl  species  of  luminescence  or  phosphor- 
escence? The  ans*,vr  must  bo  given  in  view  of  the  tlireo 
following  peculiarities  of  their  -]-<:m:  (1}  The  leading 
hydrogen  line  in  them  is  ¥,  not  C.  (2)  Helium  shines  in  them 
as  if  in  a  "  yellow  "  tube.  (3)  Reversals  are  absent ;  lines  of 
absorption  make  no  assured  appearance,  either  as  superimposed 
upon,  or  as  subjacent  to  lines  of  emission.  None  of  those 
points  are  easy  to  demlr  Their  consideration  involves  doubts 
and  queries  of  an  abj-tru-e  nature  .  but  it  will  not  therefore  be 
neglected.  Indeed,  «neh  a  region  of  inquiry  as  is  here 
presented,  when*  we  feel  that  at  every  step  the  Unknown 
may  merge  into  the  Unknowable,  has  a  particular  and  an 
illimitable  fa*<ci  nation. 


CHAPTER  XLI. 


THE    THVSICa    OF    THE    MILKY     WAY 


The  Milky  Way  is  an  integral  part  of  the  great 
system.  It  marks  the  equatorial  girdle  of  a  sphere  conl 
stars  and  nebuke  variously  scattered  and  Aggregated.  H 
whole  material  creation  is,  to  our  apprehension,  enclosed  with 
this  sphere.  We  know  nothing  of  what  may  lie  bejoa 
Thought  may  wander  into  the  void,  but  observation  caw 
follow.  And  where  its  faithful  escort  halts,  positive  scieai 
comes  to  a  standstill.  Fully  recognising  the  illimitable  poai 
bilities  of  Omnipotence,  we  have  no  choice  but  to  confine  ot 
researches  within  the  hounds  of  the  visible  world.  That 
has  hounds  is  evident  from  the  consideration  that  it 
shape  and  parts.  Indefinitely  extended,  star-tilled  space 
havo  neither.  Hence  it  oilers  to  the  human  mind  an  h 
telligible  problem — a  problem  perhaps  too  intricate  for  detinitit 
solution,  yet  coming  well  within  range  of  attack.  The  rief 
operations  may  be  protracted  through  many  a  c&m)Ntign ;  bi 
in  conducting  them  we  shall  climb  from  peak  to  peak  of  U 
Alpine  chain  of  truth,  and  gain  continually  wider  view*  of 
majestic  scene  that  encompasses  and  enchants  us. 

The  structural  relations  of  the  cosmos  may  era 
looked  at  from  many  sides;  our  immediate  concern 
but  one  of  its  aspects.  We  have  only  to  consider  the  nata 
of  the  materials  used  for  the  building  of  the  edifice  and  tl 
plan  of  their  apportionment  to  its  dilVerent  socttona.  Tha 
materials  consist  of  gaseous  and  white  nebula.-  iu  all  the 
varieties;  of  star  clusters,  globular  and  irregular,  and  of  U 
sundry  species  of  stars ;  and  even  a  cursory  inspection  she* 
that  they  ore  not  piled  together  at  random.     Each   flaw,  < 
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the  contrary,  obeys  its  own  law  of  distribution ;  and  the  dis- 
tribution of  sidereal,  as  of  animal  species,  is  the  outcome  of 
their  history,  a  test  of  their  longevity,  an  index  to  their 
nature.  They  are  where  they  are,  because  they  an*  what 
they  are. 

There  seemed,  twenty  years  -i\$)t  very  little  reason  U>  Anti- 
cipate that  the  photographic  method  could  ever  be  used  to 
advantage  for  investigating  the  physics  of  the  Mi  Iky  Way . 
yet  it  has,  especially  ill  Professor  Barnard's  hands,  proved 
most  effective  in  that  difficult  branch  of  inquiry.  The  re- 
quisites were  peculiar.  The  galactic  drifts  are  made  up  of 
very  small  stars — usually  of  fourteenth  to  sixteenth  magnr 
or  even  fainter, — and  the  sensitive  plan*  peroeivoi  them,  not, 
as  the  human  eye  does,  collectively,  merged  into  a  nebulous 
surface,  but  one  by  one  us  light-points.  Hence  their  rays 
need  to  be  powerfully  concentrated  in  order  to  make  any 
chemical  effect  with  a  moderately  long  exposure.  Moreover, 
the  field  must  be  large  enough  to  show  the  colotaal  form* 
into  which  these  stellar  units  are  grouped.  Fur  each  picture 
a  canvas  of  at  least  100  square  degrees  must  be  available 
Hence  telescopes  of  the  ordinary  type,  however  powerful,  are, 
for  thin  ]»urj»oset  entirely  unless.  An  ordinary  village  photo- 
gruphvr*n  a]iparatus  would  be  better  adapted  to  it.  Professor 
liiirnard  obtained  his  remarkable  series  of  delineations  with 
the  "  Willard  lens,"  a  doublet  of  six  inches  aperture  and  thirty- 
one  focal  length,  constructed  at  New  York  in  1859.1  They 
extend  over  a  large  part  of  the  Milky  Way,  but  leave  lacunae, 
the  nil  mi:  up  of  which  should  be  the  diploma-performance  of 
the  new  Bruce  lens.  It  might  indeed  be  supposed  that  a  few 
specimen  sky-scapes  in  galactic  regions  would  suffice  to  afford 
practical  acquaintance  with  the  entire  round;  but  this  is  very 
far  from  being  the  case.  No  feature  of  the  Milky  Way  is 
more  surprising  than  its  inexhaustible  variety.  No  "  law  of 
condensation,"  such  as  prevails  in  globular  clusters,  is  there 
traceable.  Each  section  follows  its  own  method  of  aggrega- 
tion. In  one,  cloud-forms  are  met  with  of  the  cirrus  type; 
in  another,  they  recall  breaking  waves  or  tossing  spray;1 
a^ain,  itfoups  of  irregular  bright  spots  alternate  with  extensive 

1  Ilanunl,  MonOdy  Aotiou,  toI.  L  p.  S10. 
•  thfrl.  |i.  3M  ;  Aatr.  and  AMrophysia.  rol.  xiii.  p.  179. 
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ramifications  and  rifts ;  here  the  starry  fabric  ia  coaiwi  gliil 
there  of  microscopic  fineness ;  while  for  heterogeneous  sent 
ing  in  many  quarters,  there  is  substituted  in  others  an  apj 
ently  designed  arrangement  of  the  stars  into  rings, 
ellipses. 

Barnard's  photograph  in  Ophiuehus,  reproduced 
XXXI.,  has  characteristics  demanding  earnest  ai 
bright  star  below  the  middle  of  the  plate  encircled 
halation  ring  is  9  Ophiuchi.  an  object  spectrally  aid 
Bellatrix,  radiantly  white  and  marked  by  helium 
A  "long,  dull  vacancy,"  visible  to  the  naked  «/•, 
ing  east  and  west  below  (south  of)  Thrta. 
as  "  an  irregular  rift  in  the  sheeting  of  stars,"  of 
complex  relations.  It  circuits  the  east  jis  well  as  the 
and  south  sides  oi  the  bright  mass  in  which  the  at*r  ia  pU 
breaks  up  to  the  north  into  scatteml  dark  openings* 
straggles  on  to  the  western  edge  of  the  plate,  whence — aa 
photographs  of  the  series  show — it  communicates  with 
of  "  the  great  vacant  lanes  "  in  the  "  wonderfnl  nebulous  1 
about  p  Ophiuchi.1  The  most  singular  feature,  however,  of 
galactic  chasms  visible  in  our  figure  is  the  presence  in 
of  two  gradations  of  obscurity.  Darker  details  can  be 
out  on  the  dark  background,  recalling  the  analogy  (which 
not  escape  Professor  Barnard's  notice)  of  the  "  black  holes 
the  uwbne  of  active  suu-spota.  The  conviction  was  thus, 
added,  almost  enforced  that  the  Milky  Way  reete  here 
a  far-reaching  stratum  of  nebulous,  or  quasi-nebulous 

The  reality,  the  frequency,  and  the  deterroinateasssl 
black  openings  in   the  Milky  Way,  dimly  seen  with  the 
eye,  constitute  one  of  the  most  important  facts  regarding 
nature  of  that  formation  attested  by  the  camera.      It  i* 
that  their  great  exemplar  in  the  southern  heavens— the 
sack  "  in  Crux — seemed,  in  a  photograph  taken  by  Dr. 
of  Sydney,  13th  August  1890.  to  be  embroidered  with 
stars  over  three-fourths  of  its  area;8  bat  this  is  an  u 
trait  of  the  phenomenon.     The  fundamental  cLrcuinatancv  o 
nected  with  it  is  the  extensive  and  complete  perforation  of 
dense  galactic  stratum  lying  behind  the  starry  network ;  i 

1  Attroyh.  Jmint.  toL  I*,  p.  167- 
1  Kaoyud,  KnowUdgt,  toL  ari*.  ft  1 1 1 
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of  this  stratum  there  is  no  trace  in  the  Sydney  picture.  Only 
the  foreground  of  the  scene  is  delineated  in  it ;  the  backward 
stretching  ranges  remained  inaccessible  with  the  means  em- 
ployed. The  true  Coalsuck,  then,  has  not  yet  been  photographed, 
and  we  are  ignorant  of  the  precise  form  which  it  will  take  upon 
the  sensitive  plate.  The  exposures  made  at  Lick,  however, 
effectively  reached  the  piles  of  luminous  dust  which  form  the 
ultimate  reality  of  the  Milky  Way,  and  brought  into  view 
with  insistent  clearness  the  pits  aud  furrows  of  almost  absolute 
darkness  by  which  they  are  frequently  interrupted.  One  is 
perpetually  reminded,  in  looking  at  these  autographic  records, 
of  Herschers  exclamation  of  amazement  when  his  telescope 
plunged  suddenly  into  an  unfathomable  abyss  in  Scorpio: 
Da  ist  wakrhaftxij  fin  Loch  im  Tfimmet ! 

Now  "  holt**  "  of  the  kind  have  a  very  wide  coamical  signifi- 
cance. The  greut  rift,  by  which  the  entire  galactic  structure 
is  divided  thhmghuut  one-third  of  its  circumference,  is  only 
a  magnification  of  innumerable  cracks  and  fissures  yawn- 
ing amid  its  c-otujvsiient  sUir-mnsnea.  And  the  dark  lanes  in 
globular  clusters  are  plainly  of  kindred  origin.  Moreover,  the 
riddled  aspect,  of  the  Milky  Way  in  certain  of  its  sections 
is  continually  reproduced  l>oth  in  nebula?  and  clusters — 
in  nebuhe,  whether  gaseous  or  stellar,  as  well  as  in  diverse 
species  of  clusters.  The  fact  is  a  general  one,  that  in  all  the 
forests  of  the  universe  there  are  glades  and  clearings.  How 
they  come  to  \te  thus  diversified  we  cannot  pretend  to  say ; 
but  we  can  see  that  the  peculiarity  is  structural — that  it  is  an 
outcome  of  the  fundamental  laws  governing  the  distribution  of 
cosmic  mutter.  Hence  the  futility  of  trying  to  explain  it  as  of 
incidental  origin,  as  a  consequence,  for  instance,  of  the  stop- 
page of  light  by  the  interposition  of  obscure  bodies,  or  aggre- 
gations of  iKxlies,  invisibly  thronging  space.  That  dark  stars 
exist,  singly  and  in  systems,  and  dark  nebuhe  no  less,  we 
have  liuen  almost  inevitably  led  to  conclude;  but  the  galactic 
clefts  cannot  !>e  reckoned  among  their  manifestations.  They 
are,  on  tbe  contrary,  what  they  appear  to  be,  intervals  of  star- 
less sp;ice  between  neighbouring  star-clouds,  and  suggest 
processes  of  disintegration  '  advancing  with  inconceivable  slow- 
ness towards  unimagined  issues.     These  wonderful  collections 

1   Ham. at  1.  IU/K>rt  Harvard  Comftre****  Aof.  1808,  p.  19. 
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are  then  in  a  state  of  flux  ;  they  are  passing  from  one 
to  another;  Supreme  Power  is  at  work  in 
fashioning   them,  sending  abroad   their  aggregated 
Iving  sparks  from  the  anvil. 

But  are  those  sparks  indeed  suns  on  the  scale  of  our  own 
The  answer  to  be  given  depends  upon  our  estimate  of  the 
average  distance.  They  are  undoubtedly  very  remote.  It  ma 
be  taken  as  certain  that  they  lie  beyond  the  sphere  oeeapa 
by  the  Durchmusterung  stars — that  is,  by  the  ordinarily  <& 
tributed  stars  of  our  system  clown  to  9'5  magnitude  Ho 
much  farther  beyond,  we  are,  however,  unable  to  amj.  H 
thronging  orbs  of  the  Galaxy  are  by  no  means  of  unifoc 
brightness.  A  recent  inquirer l  concludes  that  they  tt? 
from  the  sixth  to  the  sixteenth  magnitude ;  and  the  statcenea 
which  probably  falls  short  of  the  truth,  implies  that  Mai 
enormously  disparate  in  apparent  lustre  are  at  sensibly  the  ac 
<listance  from  ourselves ;  hence,  that  the  crowd  of  small  o 
medium-si2ed  bodies  collected  in  the  Milky  Way  are  dominate 
by  veritable  giants,  more  sparingly  distributed  l*rofceao 
Barnard  endeavours  to  bring  this  state  of  things  into  conformiri 
with  received  standards  by  levelling  down  the  dimension*  a 
galactic  constituents.8  To  the  ruck  of  them  he  assign*  scared] 
more  than  planetary  rank,  so  as  to  escape  the  nooesrifty  a 
admitting  fabulous  magnitudes  for  their  leaders.  But  in  trutf 
we  have  no  means  of  fixing  a  scale  for  such  valuations.  W< 
know  that  there  are  suns  hundreds,  even  thousands,  of  titan 
larger  than  the  sun.  Why  should  there  not  be  other*  Largai 
still  in  a  similar  proportion  ?  Aon-  est  natures  mtntvra  hamimtt 
electio,  Kepler  wrote  to  Herwart  in  1599.  Our  estimates  air, 
in  many  cases,  minimum  values;  we  can  place  no  upper  haul 
to  the  vastness  of  the  orbs  of  space.  It  is  only  safe  to  aflmaj 
that  the  greatest  and  the  least  of  them  are  associated  and 
conjoined  in  the  immense  aggregations  of  ■  this  gorgeous  aiak 
with  golden  worlds  inlaid,  built  with  Divine  ambition." 

The  sidereal  tril«es  are  very  differently  affected  towards  tot 
outml  plane  of  the  system.  Some,  as  it  were,  dalibaratah 
withdraw  from  it;  others  ore  exclusive  in  their  prvfewaajoi 
for  it;  many  press  towards  it,  while  maintain* 

1  Burns,  JC**vU*t'/e,  vol.  xxii.  p.  327. 
•  Ibid.  vol.  rix.  p.  S06. 
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politan  status.  That  white  stars  largely  prej>ondcnite  in  the 
Milky  Way,  is  a  fact  made  evident  by  Kupteyu's  discussion  of 
the  Cape  Durchmusterung  photograph*.1  It  might,  never- 
theless, as  Mr.  Monek  of  Dublin  first  noted,  l*»  due  to  thair 
superior  area)  brilliancy,  which  would  cause  them,  with  increase 
of  distance,  to  come  into  view  preferentially,  and  at  lust  ex- 
clusively. The  percentage  of  white  stars  must,  indeed,  apart 
from  very  unlikely  specialties  of  distribution,  augment  among 
the  lower  magnitudes,  since  a  star  emitting  light  of  the  Sirian 
quality  would  appear  equally  bright  when  fully  twice  as  far 
off  as  one  of  the  same  size  clothed  with  a  solar  atmosphere. 
Moreover,  Kapteyu'a  researches  did  not  extend  below  the  troth 
magnitude,  and  the  genuine  galactic  particles  arc  of  much  lower 
grades  of  brightness.  So  that  the  nature  of  their  s|>ectra 
has  not,  up  to  the  present,  been  disclosed  to  us.  Yet  a  sur- 
mise regarding  it  may  be  hazarded.  Mr.  McCIean  perceived 
the  bright  helium  stars  included  in  his  survey  to  be  dispro- 
portionately numerous  in  the  Milky  Way  zone.  This  ia 
probably  one  among  several  symptoms  of  their  great  remote- 
ness. They  are  sufficiently  removed,  perhaps,  from  the  centre 
of  the  sidereal  sphere  to  come  within  the  sweep  of  the  current 
of  tendency  setting  in  towards  its  equatorial  regions.  Now  it 
stems  probable  that  fainter  specimens  of  the  type  are  similarly, 
hut  more  strongly  condensed;  and  a  further  step  on  the 
tempting  road  of  conjecture  leads  us  to  the  inference  that  the 
dim  aggregations  girdling  the  heavens  are  mainly  composed  of 
stars  of  the  Orion  family— of  stars  reversing  the  duplicate 
scries  of  hydrogen  lines,  besides  those  of  oxygen,  helium, 
nitrogen,  and  silicon. 

We  have  seen  in  an  earlier  chapter  that  the  Milky  Way 
is  the  chosen  resort  of  Wolf-Rayet  stars.  They  doubtless 
In-long  to  it  intimately  and  entirely  ;  and  the  same  may  be  said 
ut"  Novie.  This  involves  the  strange  consequence  that,  amid 
the  radiant  galactic  hordes,  there  must  circulate  a  multitude 
of  large  obscure  bodies,  fitted  on  occasion  to  blaze  into  sudden 
i -"iillagration,  on  a  scale  startling  to  intelligent  beholden  in 
evriy  quarter  of  the  universe.  Must  we  then  conclude  that 
dark  stars  are  relatively  more  plentiful  in  the  Milky  Way 
tii.ui  elsewhere  i     Not  necessarily,  perhaps,  for  its  scarcely  in- 

1  AnnnU  of  Capt  Observatory,  toL  iit  p.  22  (Introduction). 
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fringed  monopoly  in  the  production  of  temporary  si 
be  explained  equally  well  by  the  virtual  limitation  to 
conditions  needed  for  luminous  explosions,  o«  by  the  abuudi 
in  it  of  their  appropriate  fueL 

Very  few  gaseous  nebula?-  have  any  considerable  gall 
latitude ;  they  are  characteristically  Milky  Way  objects.  Tl 
are,  indeed,  exceptions.  Some  noted  planetaries — thorn 
Draco  and  Ursa  Major  for  example — are  situated  Car  out 
the  zone  of  concentration,  and  they  present  the  appears 
of  being  nearer  to  the  earth  than  most  members  of  the  d 
The  ■  stellar  "  variety,  on  the  other  hand,  which  are  presi 
ably  small  through  remoteness,  are,  to  the  best  of  our  kn 
ledge,  limited  to  the  Milky  Way ;  while  irregular  neb 
occur  either  in  the  main  stream  or  in  some  of  its  affloe 
Among  these  the  Magellanic  Clouds  are,  in  a  sense,  to 
counted,  though  thoy  should  rather  be  described  as  po 
left  behind  as  the  waters  contracted  into  their  present  1 
They  are  composed,  like  the  Milky  Way,  of  mixed  ingredis 
stellar  and  nebulous ;  they  seem  to  reproduce  its  condiii 
they  bear  the  same  primitive  stamp.  Their  globular  ih 
however,  suggests  an  autonomous  constitution,  each  he 
probably  a  self-regulated  body;  while  the  galactic  aggregati 
may  be  supposed  exempt  from  the  efficient  control  of  a  can! 
authority.  Dr  Russell's  photographs  disclosed  spiral  tflndwi 
in  the  Nubecula},1  destined  perhaps  to  become  more  and 
pronounced  with  time. 

Through  the  agency  of  the  portrait-lens  and  the 
plate,  the  nebulous  affinities  of  the  Milky  Way 
more  fully  recognised  than  was  possible  by  visual  means  ale 
Several  of  Professor  Barnard's  pictures  exhibit  an  intermix* 
of  vaguely  diffused  lucid  matter  with  layers  of  minute  au 
especially  in  parts  of  Cygnus,  Cepheus,  Perseus,  Monood 
and  Scorpio.  We  see,  then,  that  the  great  cosmic  zone  is  i 
only  frequented  by  nebulous  objects,  but  is  nebulous  in  it* 
Yet  it  seems  to  repel  from  it  the  multitude  of  white  net* 
which  tend  to  collect  about  its  poles.  This,  at  least,  is  1 
law  of  their  visual  distribution ;  but  the  camera  threat* 
to  abrogate  it.  Dr.  Max  Wolf  holds  that  the  results 
his  preliminary  photographic  surveys  prove  nebulae  to  be 

1  Knawled-p,  roL  rir.  p.  61. 
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reality  scattered  pretty  evenly  over  the  heaven*  Only  their 
average  brightness,  he  thinks,  varies,  the  go-called  "  nebular 
regions"  in  Cetus  and  Virgo  having  aripiired  tlroir  reputation 
as  such  not  because  nebulae  are  more  numerous,  but  because 
they  are  there  more  conspicuous  than  in  the  intervening 
celestial  tracts.  The  subject,  in  fact,  of  nebular  distribution, 
which  had  been  supposed  practically  disposed  of,  has  been,  by 
photographic  explorations,  reojK-nod  for  fresh  discussion. 

The  crowding  of  globular  cluster**  upon  the  Milky  Way 
is  unmistakable ;  and  the  inwardness  of  their  relation 
to  its  condensations  is  manifested  by  their  avoidance  of  the 
vacuous  rifts,  and  their  adherence  to  the  stream  -lines  of 
luminosity.  Hence  arises  the  logical  necessity  for  their  Rubral 
separation  from  white  nebula .  to  which  they  seem,  in  most 
respects,  so  near  akin  that  one  mi^ht  Ut  led  f>  U  liuve  mens 
difference  of  distance  to  ooea-simi  the  distinction  between 
resolvable  and  irresolvable  objects.  Only  the  opposite  galactic 
proclivities  of  the  two  classes  decwive.ly  phice  them  apart. 

Within  sight  of  that  ultimate  problem,  the  structure  of  the 
sidereal  universe,  we  pause.  Our  thoughts  meet,  but  they  can- 
not grapple  with  it;  nor  does  it  come  within  the  eoope  of  our 
present  purpose  to  make  the  attempt.  We  must  be  content  to 
register  the  marks  of  growth  and  change  legible  in  the  Milky 
Wuy ;  to  note  the  evidence  of  its  comparatively  recent  origin 
and  inchoate  state ;  to  avow  our  impotence  to  comprehend 
the  Supreme  design  which  it  is  directed  to  realise ;  and  to 
> m ■  ii « 1  in  awe  and  admiration  before  the  unfathomable  depths 
of  difficulty  and  mystery  towards  which  the  study  of  sidereal 
development,  in  its  larger  bearings,  inevitably  leads.  Die 
Schop/ung,  as  Kant  discerned,  ist  niemals  vollendet.  Sit  hat 
zwar  einmal  angefangen,  aber  tie  vrird  niemals  aufharen. 
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radiative  pow«  r.  41.'. ;  attendant  beba- 
loeitie*.  418 

Aldeberan,  epectral  <-h*r*-t«r.  183,  207; 
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lion,  450 
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489,  472 ;  eteupl-e,  48*  493;  unclear 
etm,  488,  489,  4W,  498;  epectn, 
488,  491  ;  etraoturee  of  imennadiet. 
character,  490,  493;  dean-ability  of 
further  rwarch.  494 
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179,  184,  210,  211  ;  edjacet  nebsU, 
190,514;  actual  bfignUaaa,  213,  S14 

Anurias  itan.  |fs\  1  Hi.  20V  214  ;  6>- 
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AqaiK  a,  light -change,  821;  orbit.  822, 
323 

Arcbrnbold.  photagrardi  of  a  nesvU  In 
Pereeoe,  MS 

Arctonia.  opectram,  183,  183,  808,  207; 
lamiaou*  power,  205 

Argalandar,  period  of  f  Oarolnomm.  32*; 
light  curve  of  fi  I.yTst,  837  ;  inequali- 
ties of  Mm.  348.  3t9  ;  of  x  Cyfui, 
862 ;  period  of  R  Lyre*.  868 ;  die- 
appcaiancee  of  II  Corona\  371 

Argon,  uod  i|i|«r«iit  In  the  ran,  28,  30 

Afffla,  y,  bright-Hue  ipectrum,  187,  238. 
239 

Aatrupbyeice,  prevision  of,  1  ;  derelop- 
raeet,  25 ;  *id*«tsg  of  fttoos,  5  1 . 
character  esd  future,  9,  10 

Atlea,  a  •uepeeted  binary  alar,  421 

Aurtg»,  fl,  s  tpeotrosaopir  btnarr,  291 

Aurora*,  analogy  slth  eolar  corona,  139 ; 

altnurnial  acarrlty,    158 
Auwrra,   detecUos    of   ft   nebaloui    atar, 
471  ;    obeeTTaUoo   of    Blnd't    *erut.lr 
nebula.  823 

Bacoa,  prvrtelon  of  ftaUopbyska.  1.  2 
Bacon,  HUu,  coronal  photeffrapse,  185 
Belle?,  double  apactrus  of  m  Bnorpti. 
292 ;  of  V  PuppU.  334 ;  llereniy 
of  dactsr-Teriableft,  330,  484  ;  the*: 
node  of  lbjnt  -  chanfe,  438,  437  ; 
•jjC€tr©KT%p{i  "f  N"'ta  Nnmur,  W2  , 
count*  of  the  Pleletdea,  416  ;  ■■ilnHse. 
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aotmloatty,   419  ,    pawvocnffr    of   a* 
Oastaari  431 

UaUlaod  and  boanrtt.  pbotoxntdi  °'  * 

MbUol).t  tad/via,  61B 

Ball,  Wir  Kobavt,  pendlaa  <*  Ml  5  Cmo»  - 
bridge,  304 

Belmer.  law  of  atrfea,  52-54 

Barnard,  pbutnfrnphka  tsrcetifitfcal  of 
ike  Milky  W.y.  7.  53ft,  WO,  544;  o»- 
aarTeiioas  of  cliut*r  -  variable*,  177, 
4S1.  •■ermpli*  of  a  nebula  in 

Modock*,  190,  425,  426  ;  of  galactic 
nebnloiittm,  205,  513.  51 4  :  nf  MeMier 
11.  411  ;  of  uebuloattfee  encircling  the 
Pleiadw,  418,  420  ,  of  Meesi«  ft  \l\, 
of  f au  Dcbvbb,  447;  of  ft  nebular  ^: 
458;  of  nebulous  atara,  462,  1*3,  464, 
465,465;  ofiiebuloaaforut  Mian  in  Orion, 
497;  detection  of  stare  in  trapwiura, 
-30,  495;  observation  of  T  Tauri. 
372,  373;  nebulous  and  uon-ucbulou 
clueters,  412  ;  vuu»l  iliecoreriee  of 
a*bul*,  417,  474,  4S7  ;  portnuHeaa 
photography,  423 ;  globular  clusters 
aon  •  nebalom,  433  ;  su-phm'*  star 
oon-ucbulooa,  467  ;  central  star  in 
Lyra  nebula.  467  ;  structure  of  an 
»uaalfcrne''ula,  403;  notice*  of  variable 
Debate,  523,  524,  525,  526,  527;  com- 
poettion  of  the  Milky  Way,  542 

BaxendftlL  eclipiea  of  X  Tauri,  307  j 
minima  of  S  Urs*  MijorU,  853 ; 
periodicity  of  R  Lyne,  368 

Bayer,  etar-mapa  of  1603,  371 

Beaker,  telluric  spectrum,  23 

Bell,  nebulou*  formation  round  Nora 
Penei,  395 

Bellatrix.  a  typical  helium  itar,  191 

BeJopoUby,  solar  eclipae  of  1896,  128  , 
oorreepondence  of  coronal  abengee 
willi  surface-phenomena,  129  ;  rota- 
tion of  f acuta,  145  :  of  the  corona, 
147  ;  nitrogen  lines  in  P  Cygni.  9 
fyitcm  of  Castor,  293,  294  ;  radial 
motion  of  X  Tauri,  307  ;  of  6*  Ophei. 
320 ;  of  \  Qemiuorum,  328  ;  ay*tein 
or  jS  Lyra,  389,  340 

Berbericti,  affects  on  Eucke'x  cornet  of 
wlar  perirKlicity,  158 

Bowel,  dark  *tar«,  400 

BoUl«etti,  apecLral  affiultiea,  188,  210, 
211;  real  magnitude,  213,  214;  Ir- 
regular variability,  369 

I'.**vj--,  ili'o.very  ■  ■!  <.'r.ih  rial)  i!n,  r.  1 7 

Btgelow,  magnetic  theory  of  corona,  138, 
139;  solar  rotation,  148;  model  of 
propagation  of  rolar  energy,  16" 

Bixourdon,  observation  of  a  variable 
uabuU,  526 

Uirniieybain,  enloure  of  itart,  357, 
258 


vakL  twaonl  of  a  Taniaat 


Beurtwodrta,  >Ua*mwry-  of  (aRttK, 
Boleim^rr.  applied  to  IniaetbjaU 

red    volar    cpar.truirk,    22;    t*  o 

roroaaj  heart,   131 
Botaraann,  law  of  radiation.  #4 
Bond,   naaaurmonatit    of  rtan   te 

aeJiela,  504 
Booguar,  oWkcuinc  of  too  ena'e  <s> 
Boy*,  tovaoUoB  of  radio-at 
BradUy.  navm.  of  fi  Cy*at, 

Ck-tor.  an 

Brown,  aflat,  drawrn*  of  a  ■ptAf 

BurckUrUr,    graduated   cm 
ffrapha,  133 

HtirnliKiti,  diviaio*  of  #  Orinata, 
7  IrfKiiiicrrnra,  OT7  ;  ftbe»rratVa» 
Tanr  f     Barnard.     1 

nebula,  417;  of  demote  tad 
nebuba,  453.  45fl  ;  nf  uet-gevae 
461,468,464,  4M,  447  :  of  ah 

i...  474,  475.  4*0.433;  «fal 
liobunr,  4ni  ;  nf  nu-leaf  eta»  la 
lar  nbOte,  4JT.  499.  490  ;  of  *i 
■ 
Burns  D.agnitudc*  of  (alattio  ftaa, 
Buaa,     Helium     ali*orr4ioii     la 
upectra,  W 

Calcium.  iaoUllun  of  iu  riolat  re 
dolar  priotngraphy.  IS,  9»,  ]« 
ooostitnent  of  tbe  sua,  27  ;  w 
line*  in  eun-apota,  95  ;  ia  aWalat, 
101  ;  in  promlaaiia**,  no,  114, 
140;  in  eure,  23V;  *haaao 
corona.  136;  abnnrptlou  by  in 
iwctra,  183,  1W,  191,  192, 193. 
201,203.207.309,  212,  22& 

Calvert,   drawing  of  th*     meiadee 
lositiee,  419 

CampbalL   coronal    apa^rrocranaa. 
1M,    130;    bright    and    cM    up* 
Hrtea,  1 75,  229,  230.  238,  ; . 

ftan,  19C 
420 ;  of  Wolf-Bayet  *Ur», 

'  ;  «p*ctriim  of  1^.1,  1  »1 ;  of 
223.235:  of  y  Argfi*.  '.■ 
llnei  in  fourth-type  Mpertra,  2!  1 
Willi  a  bydrogea  oovalopr- 

244,396-2:.-  ■  f  f  Uanutar 

328-330;  oonititutioa 
378  ;   IU  Hpartrom,  S80,  S91  ; 
trum  of  Nora  Norms,  343  ;  of 
Cuntaun,   394  ;    of    Nnva  Safj 
386  ;  of  Nora  AquiU,  3d8;  oZ  pal 
ary  nebaU,  479,  4W>,  lOt  ;  of  a 
neKula.  500.  501  ;    of  TriaVl 
503  :    relative    brigataaai  of  aaai 
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Una*,  476  ;  daacription  of  *  l.i-a*»tijar 

nebula,  491 
Cannot.  Miw.  bright-Uno  atari,  184,  235. 

389  ;    rwUUc  atellar  -ixcl/a,   250  , 

■pactruio  of  *  Carina,  370,  iurf* 
Caaopo*,  aalura  of  apaetrom,  143  j  r» 

moton***,  304 
Cantor,     alactru-ally     U  luminal*]     gaara 

noaabaorptira.  140 
CapaUi.  aptcUal  ralatioaabipa,  188,  206  i 

daphcity,  294-296,  31*7 
Carbon,  a  aolar  conatttiwiit,  29,  31.  319; 

apaet;»l  tffjitti-tneui  In  prvaauoa  of  iron, 

84;  feoudvnanl  it)  photo*,  jdiaric  clouda. 

88;  prraant  in  th*  riimwaaphira,  119; 

In  iUn,  160,  184,  318,  319,  378 ;  no 

trao*  of  id  Wolf  lUyel  apartram,  343; 

bright  m  H  Gtminorum.  346 
Carbon  iur*,  af  *^trogT*phad  .177:  nature 

of  ipw-ua.   179.   184,  185,  315-130  ; 

bright    Una*    in,    188.    314-319,    40*  ; 

whit*  »]»cku>*as  230,  256 ;  dlalribo- 

Uoo,    321  ;    afflnitiaa,  388;    cltvalop- 

mant  377.  374  :  lamiaoua  inatability, 

388-860 
Carina?,  i»,  natur*  of  apactruiu.  235,  370; 

light-. ■!.i..|t'%  370,  871.  406;  poalUou 

in  Kij -li..U  bahak,  507 
Carlyle,  colour  of  fttnua,  886 
Carrfngtnn,  nv>Yfro«nti  of  ann-apota,  84  ; 

law  aj  th#  nin'a  rotation.    143.  144. 

149;   ircUca!  ahifttaga  of  •not-HMa, 

161 
CiL-jiiopti*,  y,  bngbl  hum  •pactnmt,  1.46, 

333.   334,  371*;  apaetial    fluctuation*, 

348.  349 
Cantor.  *]*<  in. in,  Ml;  a  trlpki  ayalttu. 

393.  394  ;  dark  companion,  398,  401 
C*-ntaun.    a,    tpai  Ir'-jrraph    of,    183;    a 

modal  tun.  193,  199,  309,  369 
(fiil.Mirl,  v,  varubl*  atare  In,  333,  436; 

trlcacoptu  upaet,  430;  (antral  crowd- 
ing ii(  CBUpBMBlO]  480 
Ccphri,  &.  a  t\  i«M  *!  »Imii  |*>n<il  varialau, 

319;    arbfiUl    m-vfwanu,    830,  331, 

333;    ftaaJ  m    nbjaata   aauraaratad, 

334-330  :    thrlr    dtatlnctm    qualitiaa. 

337 
Cvraaki,  ili»c>n»u)  of  V  Crpbri,  309 
IVranki,  \l«iUni«,  diacotariaa  of  rariabla 

*:ur,,  H10 
(Vriurn,    t    ..  !»i  #!«tn»i]t,   27,   SO;   baas 

^f  a  rat*  ■artfc,  :;:i 
'  Worm. ,    ■uppoaajj    ol*a»rraUno     c4*    ■ 

-..'injNtrary  u«ti«Ia.  533,  538 
C'h\iiiWi 1 1 ii,  tthsofj  "T  »plral  U'l'olaa,  44J 
Chandler,  not  aaaaala  1  tha  aartaa  asU, 

159;  duturUam  of  Algol.  104-306; 

phaaci  )f  eclijMinx  itan.  811,  Sit; 
iliacnvarT  of  a  (raraiaid  vuriabla,  336; 
'■iilm.li>'  tliaiacw  of  tU  ilaaa,  838  ; 


•artatioaa  of  U  Prfa-i,  883  ;  ey  cla  af 
Mira,  348  ;  of  R  Laouia.  356;  rad- 
IM   and    periods  of  rariabli   aUn, 

t'baae,  parallax  of  Algol,  806 

Cbanlatrjr.  aoopa  of  <«I»*tiaI,  6  |  aalar, 
18,  21,  26-34  ;  of  .im-ajoU,  91.  168  . 
Of  Indium  alar*.  189;  of  b*dr<araii 
atara,  197  ;  of  Antanan  aura,  210  ;  of 

carbon    mXmtx,    330  ,    wf    Mira    variaMaa, 

236;  of  Wolf-Rayet  atari.  241 
CliaaraiHont,      tailabla      atara      In      tlw 

llaiadaa.  421 
(.'bnnnoapacra,   compoalUoo    and    da>pta. 

16,  103,  109  ;  daftciaiac*  of  abaarpUTa 

powtr,  47.  161;  anastrun.  1U-U4. 

116.118,119.  168 
(.lark,  Avlvan  O.,  black  markiaga  In  pro- 

tnlnrnoaa.  110;  drtcctloa  of  idrtltiraaal 

"T1"  iUn,  |g4\  iM 
Clara,     rara    nsatala,     33  ;      aoalyaW     of 

atorlW,  St 
CUrito,  WInoi  ooelOitad  hf,  60 
Col oot      variability,     aloattw    of     obarr- 

ratioa.  358 ;  relation  to  luaht  chatigr. 

384.  355;  IncldenUl  ocoomuca.  385 

388  ;  In  aoobJ.  aUrv  259-262 
Coauata,  ndnkkad  by  oorcwal  raja,  XS7  ; 

rariaUaw  of  ooaaiploouuaaaaBi  with  tha 

aoUr  rnodjlton,  158 
Common,    pbotagrapli    of    a    globular 

olaatcr,     438;     rariabilit}    of    aoeo- 

poncota,  IS  I  ;  pbotofraph  of  a  comr 

Ury  orUala,  446;  a  trtpla  group  of 

bebuba,    454 

Comla,  lUaaory  firaeaat,  1 

Copaland,  b»lium  liita  la  apavtrnm  of 
Orion  oabula,  1 74,  499;  uoltmra  or 
atara,  356,  357  ;  -i-^tmm  of  U 
OriooLa.  SSOi  of  U  Ganuiiomm,  109; 
apactroacoplo  dartactlon  Of  babolw. 
4sO.  442 

Coma,  talluric  abaorpUoo.  33  ;  ■poclral 
aariaa,  63 

C«n»a,  problam  pr«aaa«a4  by,  9,  140; 
taaaity,  16  ;  partadlcal  aariatbms  30, 
137  - 139  ;  atnwtura,  133  -  137  ;  chro 
Doapbark  relatlona,  139 ;  ipactrum, 
130,  131  ;  pelanaauoa,  132;  photo* 
Craphy.  132  136.  141  ;  dark  loarkiaga 
la,  184  ;  roUtloa,  136,  141  J  taaoriaa 
rt-gaMmp.  187-140 

Corobtatn.  lai|Kirtabca  of  la  aolar  pbriaca. 
53  ;  aabUny.  90  ;  probata*  qaaUiiva. 
61  ;  ■paotnim,  180  ;  noD<abaorpUra, 
140  ;  an  unknown  vlamrut  111,  188 

Cortla,  atructarv  of  aua  apota,  "6,  77.  90 1 
tb-lt  aJUfnatlona  la  activity.  98: 
ataraga  dnralion,  86 ;  thatr  apaatra. 
90.  91  |  rotaUon  of  faenba,  146 ; 
apactral  aaoiuallaa  ot  Not*  1'onwi.  393 
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Crab  nebula,  discovery,  617  ;  spectrum, 

iia 

Crookea,  Sir  William,  rucla-elements,  33, 

84 
Crneia,  £.  a  typical  oiygen  star,   190, 

in 

Cygni,  /},  colours  ud  spectra,  214,  265 
Cygni,  Xt  bright-lino  spectrum,  226,  227  ; 

colour -changes,  355 
Cygni,  V,  nature  of  spectrum,   186,  233, 

234,  235  ;  irregular  variability,  106 
Cyan'.us.  first  notice  of  Orion  nrbnls.  496 

Park  stars,  problem  they  present,  176, 
177,  180  ;  probable  origin,  276,  277  ; 
coupled  with  bright  stsrs,  289,  292, 
293,  298,  317.  400,  401.  403:  two 
classes,  403  ;  galactic  relation*.  649 

Darquler,  dltcovary  of  annular  nebula, 
484 

D*  Arrest,  drawing  of  a  nebula,  443 ; 
observations  of  nebuloua  atari,  464, 
461,  465 ;  sharpness,  of  65  Andro- 
meda?, 466 ;  stellar  satellites  to 
nebubc,  433 ;  annular  nebula,  403  ; 
nondescript  nebula,  620  J  variable 
nebula*.  623,  626.  626 

Davidson,  black  marking!  In  prominences, 
110 

Dawes,  black  openings  in  sun-spots,  76  ; 
colour  of  &  Cygui,  261 

De  la  Ran,  stereoscopic  view  of  a  sun- 
spot,  61 

Dcnibowski,  colours  of  doable  stars,  260. 
261 

Deneb  (a  Cygni),  spectral  relationships, 
193,  197 

Denning,  observations  of  a  vsrisble 
nebula,  628 

DenUndres,  pliotography  of  prominences, 
9,  19,  96,  103;  selective  photography 
Of  the  nun,  49,  99  ;  facular  flame*, 
100 ;  electrical  origin  of  chronio- 
spherie  luminosity,  116;  ultra-violet 
prominence  spectrum,  119;  the  son 
as  a  bright-line  star,  121  :  coronal 
■pec trofi rani*.  132;  ei>|rcrimenU  on 
coronal  rotation,  186,  137 ;  coronal 
heat,   141  ;  spectrum  of  Altsir,  281, 

284 

Dewar,  researches  at  low  temperatures, 

60 
Dissociation,    In  nun-spot*,  90,  96,   163  ; 

of  us  lei  tun,  114 
Doherck,  colour  of  Hind's  star,  267  ;  of 

>  Delphi  til.  260 
Doppler's  principle,  4.  19,  106,  297,  890 
Double   stars,   evolution,    176  ;    variable 

tints,    269   262  ;    spectra,    263  -  270, 

276,     276;     indistinguishable     from 

apaotroacoptr  binaries,  297 


Draco    planetary,    helical 
474  ,  spectrum,  475 

Draper  Catalogue,  173 

Draper,  Henry,   illusory 
lines  in  solar  spectrum. 

Draper,   J.  W.,   illusory  dark 
lines  in  solar  spectrum,  28 

Dreycr,  observation  of  a  double  nasi 
464;  non -nebulosity  of  55  Aw 
mods*,  4S6;  alleged  illeplai  asnssM 
Omega  nebula,  612  ;  obssveaalaTaw 
variable  nebulas,  523 

Dumb-bell  nebula,  analogous  way* 
481,  61T  ;  structure,  616;  assess* 
617 

Dun6r,  spectroscopic  measure*  of 
sun's  rotation,  19,  144.  146.  144.  1 
283 ;  spectra  of  son-spots,  64),  I 
spectra  of  fourth- type  stars,  316,  3 
219,  220;  colours  of  Oft  Harts 
260;  revolutions  of  V  Cygao,  1 
312  ;  minima  of  Z  Hercuhe.  314 

Danlop.  a  blue  cluster,  411 

Dyson  and  Lewis,  clones,  twio  of  Caaw 
-•jr. 

East,  refraction  m  sun-spots,  80 
Eberhsrd,  spectrum  of  x  Q7f»l  SSt 
Ebert,     temperature    of    the    saw,   I 

theory  of  the  corona,  139),  140 
Eclipse*,   solar,    obaer*at>c*M    rfsirsssg, 
19,  20 ;  disclosure  by  of  iwewrnn*  la] 
44  •  46  ;    of  prominence*.     100,    11 
of  coronal  halo,  123.  125-128,  la*  ! 
Eclipse*,  stellar,  299-301. 
KclipMug  stars,  mean  densely,  371;  I 
307,  310,  318,  814  ;  rotaliaaal  saw 
282,  283  ;  enumerated  aad  osss-Hn 
299.    318;     light  ■  curves,     303.     31 
spectra,   316 ;    absent   froeu   rfsassi 
438 
Eddie,  light-change  of  I  CsrpsW,  331 
Eisig,  spectrum  of  oxygea.  33 
Electricity,     spectral     tnliietseaa     ssay 
factly  understood,  6 :   nadalatevy ,  1 
supposed      affrolirsDeaa     att 
spheric   UlumiaaUoa,     116; 
in  corona,  187-140 
F.lkin,      parallax      of      CapeOU.       31 

measuremsnta  of  Um  PWaa4aa,  418 
EDerman,  spectrographs  of  carnesa  ski 
186,  216  ;  of  a  Wolf  Rayet  atac.  31 
Kills,    solar   and    Disgust*    ■  irisaal 

164 
Kngelmann.  colour  of  I  Cysjai,  331 
K»pin,  spectrum  of  a  Herraha  elujsjai 
183;  catalogue  of  fourth  type;  at 
216  ;  spectrum  of  e>  Fetus*  330  ; 
R  Coronas,  347  ;  colours  of  star*,  1 
266,  257  ;  light-cluaga  sf  R  Cy, 
867  ;   suswatted  s*r*o4   of  63  Cy 
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389  ;    rvl  tUn   In    Parana*   clnavrr, 
412 

Sv#mhMl,  photoprmpUi  of  Huh  apartnim, 
40 :  cooamuUon  of  mrraUur  Uyarr, 
47,  48  ;  light  from  •pot-umbn,  76  , 
tbalrapactra,93;  proniioruc*  -apartrum, 
113.  116,119;  titanium  in  thw  «' 
aphar*.  lift 

Fabridui,  Tariabllrty  of  Mtra,  346.  349 
Ficulax,  connection  with  aputa,  74.  101, 
161,    166,    161  ;    rtttna  tad   dlatrlbn- 
tton,  08.  100  ;  pkotoffApUd,  99,  100; 
rotates,  H5  M7 

Faya,  i  tin  eufi  -  rotation,  149 
Fanat,  map  of  atari  Id  al  11.  410 
Wiijii  dk«turb«mc  of  nrrfniDK  atratain, 

60 ;    depth    of   chromoapber*.    102 ; 

obaarvatioaa  of  prooitueacea.  103-lOf. 

116 
Fhilay,  paraHai  of  a-it-iraa.  213  ;  niagni- 

toda  of  w  Carina.  371 
FiWtfrraM,    elactrioal    relation*    of    U*c 

•oUro.rona,  140 
Flanimarton,    colour*     of     double    atar*. 

260.  :''■.  I 
Flamalaad,  nnbuloail*-  of  SO  Aodromada*. 

466,  467 
Flaoery,  variationa  of  R  Scull,  369,  364 
KWtninc.  Un.,  dlaoovma*  and  claaaifton-- 

tlon    of    <mriahU    aUra,     186,     277  ; 

it»**ctton  of  an   aclipalng  alar,  816; 

duplicity  of  a  l.yrw,  338  ;  aarlabillty 

of    W    Piippie,   362;    of    V    Dalpfclni, 

366  ;  dUcu*«ry  of  Nu*a  Norma*,  382  ; 

-.1     Nv»    Cnuuri,    384;    of    Ko*a 

Hagmaru.  SVf-  ;    of  a  planetary  nebula, 

47rt  :  •p.-ririim  of  a  atar  la  Libra,  612 
KoDulbaut,  character  of  •ptctrum.  201. 

30a 

Fowli-i,    phoWgrapli-   of   ImUaai    aclipa*, 

180 
Frank*,  colour*  of  .tar*.  267,  280 
KraanJlofer.  mrvaj  of  tbo  aolar  ipwlnia. 

21,  a 

Kmubolaf  ■  Htm,  their  HiUrptrtatk-n, 
18,  17,  »,  96,  2t\  Si;  motion  dia 
plapafiiaaU,  19.  48,  141  ;  uuld  en  tilled 
r. -.nhmiii.  86  ;  variability,  87  ;  eflret* 
of  pr»«ur*  no.  38,  £1  ;  structural 
DoapluiUa*  40,  41.  43.  343;  ban- 
•yutll ity  of  ot  Urinating  MraU,  60,  164  ; 
.  '.'3,  146  ;  in  fatal*.  98, 
llfl.  it>  pftflartMl  (-omnal  light,  182; 

lH     •)«*■!  nun     i>f     Afidroiuedai     nebula, 

440 

Fravt)  !»<•!  of  ma  >|«iu,  79;  Daanttl 
l-j*»r«r  of  aajbraa,  |]|  12  ;  r*frwt»oa 
tn  the  »un,  167 

(iadohn,  diaeotery  of  jttna,  33 


'lale,  diacorcry  of  an  annular  naUla. 
439 

(JalUum,  recognition  tn  the  tun,  28.  11*.; 
1l  a  CyjiiL  1V3 

Gal  toil,  dcacriptluu  of  anlar  corona,  128 

UauUer,  atiu-*pot  nod  aaanglfj  period*,  8 

Uaaaiboriiiit,  K.  rarboo  Uude  bnght  to 
tpeednjin,  246 

fianilnoriim,  U,  diffuse  aapect,  361  ;  light 
rhangajt,  886.  366 

Caatnlnoriim,  f.  a  typical  abort -poriod 
rnriable,  819,  328  ;  ort.lt,  829,  890  ; 
mean  ben  of  iu  dam,  831  336 

(-ill.  Mr  laaei.t.  Cap*  CHirobniDttaraaK. 
ITS]  »pi«-trneTapli  nfo,' VoLaorl.  182, 
269  ;  oiygnn  In  aUni.  191  |  a*  CCn- 
tami  a  replica  of  tbo  aun,  192,  199  ; 
paralla*  of  ftrtiu,  IBS  ;  of  Pcanalhaul, 
202  |  of  Cnnopua,  204  ;  apaetrtNB  at 
«  CariHSf,  236  ;  pbolograpb  of  Arjo 
nabula,  607,  508 

Ottam  rtxlnw  of  a  Carina.  871 

tfoodrfcka,  tanaVallty  of  ^  Lyrae.  337 

Oore,  dlwovary  of  I'  Ortonia,  360 

lioiaant  \.n$\xi  Horn  In  >  Caaalnpaaaa, 
248,  249  ;  apaelral ebaafaa  tofiijrm, 
348  ;  altra-vloUl  apactrna  caf  Noam 
Aoritaa,  181 ;  of  patmtary  na4fana. 
479,  482;  of  anoalw  In  Lyra,  488 ; 
«f<tnmb  bail  aabqla,  617  ;  pboiofrana 
of  naclaar  atar  to  Lyra  eabula.  487 

(ioald.  r*d  atari.  26*.  281  ;  rarlaaMMty 
of  rW  oaifliuni.  306  ;  of  R  Trianftilt 
324  ;  of  ly  PupiiU,  362 

Unrity,  titidUc-rim  mat  ins;  action,  2  ;  mnl- 
t«r*«lity,  3  ;  maint«>naoc«of  aun'abcat 
by,  14  ;  nautraliaatlon  of  affaota  npoa 
aolar  apparnlaraa.  1 6.  6 1 .  60  ;  cflarliva- 
ocat  In  Ptara,  194,  201. 206,  207  ;  gala 
of  power  with  oondaoaatioa,  27t ;  Is* 
6n*Dor  on  aUlIar  tanparaluraa,  274 

Oroonabrl<lg»,  mapDitud*  at  R  Caphaa, 
869 

Oroacb.  corona  of  1867.  127 

Oroaar,  otaaatnrataana  of  vanabW  a&ara, 
284,361 

Gmaa  and  Laakt*  apactrnni  of  K  laaoaar, 
227 

(lathnlok,  long  roaqaallty  of  Mkra,  848 

liagaa,  minimum  of  V  Gaainania,  344  | 
periodicity  of  8  Parati,  370 

flaha,  naclaar  atar  ta  Lyra  aaaalar 
nabula,  488 

lla'a.  photography  af  rmmioariraa,  0,  IB. 
98,  110  ;  dupU.lt)  of  D„  57  ;  carbon 
in  tba  climinc-jibFT",  116;  apectra 
of  imMolnanom  118,  119,  121  ;  pro 
nrnatfoa  fnrna  la  dayllgbt  and  daring 
•olipaam,  190;  magnatir  ralatlnaa  af 
chromoapaaix   167  ;    aprvti 
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carbon    lUra,   177.    185,  210,    220; 
bright  lines  In.    185.  217-210,  288  . 
■peclrum  of  Nova  Persei,  392 
Hall,  measurement  of  stars  la   Prsssepc, 

412  ;  invisibility  of  star  in  I.yr*  nebula, 

iH 

Halley,  aurora  of  1719,  156  ;  magnitude 
of  0  Eridaui,  373 

Halm,  function  of  the  tun'*  smoke  - 
envelope,  72 ;  effect*  of  solar  periodi- 
city upon  terrestrial  movements,  158  ; 
theory  of  temporary  start,  398 

Hansky,  dark  marking*  on  prominences 
111  ;  dzawiugi  of  coronal  types,  128  ; 
coronal  structure,  130,  140 

Hartley,  spectral  eerie*,  53  ;  gallium  a 
chromospherie  constituent,  118 

Hartley  and  furnace,  detection  of  gallium 
Hues  in  solar  spectrum.  28 

Hart  wig,  mininia  of  Z  Herculla,  314  , 
tight  -change  of  S1  Cygni,  367 

Hurxer,  solar  rotation,  148 

Hantelberg,  Investigations  of  metal  he 
spectra,  20  ;  vanadium  in  the  ran,  32 

Hastings,  constitution  of  solar  atmo- 
sphere, 71 

Helium,  a  constituent  of  prominence*, 
19,  113,  119;  non- absorptive  in  the 
nn,  29,  60,  SO.  93  :  terrestrial  dis- 
cowry.  29,  50,  174;  spectrum,  57, 
58,  113.  114  i  properties,  59  ;  absorp- 
tion in  sun-spots,  94,  195;  a  con- 
stituent of  gaseous  ceboUa,  174,  477, 
478,  480,  499  ;  aoaorption  in  *tan, 
174,  181,  190,  191.  195.  225,  228; 
emission  In  star*.  176.  186,  187,  226- 
228,  850  ;  in  Nova  Aurigse,  878 ;  in 
Nora  Persei,  398  ;  miied  bright  and 
dark  aerie*,  229,  230,  238,  239  ;  in  0 
Lyra*,  338  ;  yellow  aeries  represented 
in  nebula-.  530.  537 

Helium  stars,  distinguished  by  Vogel, 
174,  181  ;  characteristic*  and  varieties, 
189-195;  nebular  relationships,  189, 
190, 372,  277.  279,  482  ;  distribution, 
196,  54S  ;  pass  into  Sirian  start,  107, 
272,  277  ;  with  bright  lines.  229-238, 
248,  251  ;  mean  dcniitv,  272 

llel  inert,  catalogue  of  star*  in  M  11,410  ; 
their  variability,  411 

Halmholtx,  gravitational  hypothesis  of 
solar  suttentation.  1 4 

riertchel,  Alexander,  spectral  series,  53 

Uertchel,  Caroline,  discoveries  of  nebula*, 
441 

Hartrhel,  Sir  John,  nebulosity  ronnd  « 
Ononis,  190  ;  cnlonrs  of  stars,  258, 
239,412  ;  observations  orolnsten.  414, 
425;  nebulosity  of  15  afonocerotis, 
420  ;  globular  clusters  catalogued, 
428;  observation*  of  nebol*&,«  41,  443, 


440,  447,  450.  458  |  daub**  isJatl 
452,  453  ;  nebulous  start.  403,  U4 
405,  400  |  Owl  uobaU.  473  |  '■■in 
planetary,  480 ;  star  satellites)  to  ***** 
taries,  483  ;  deacripUoaa  «f  Lyr 
nrhula,  484  ;  planet**-***  la 
490 ;  brightness  of  a  atar  is 
nebula,  504 ;  stars  in  Anjv 
50"  ;  drawing  of  Argo  DebeJ*, 
multipl*  star  in  Trifid  »*n*a%a>  Ml 
510;  observation  of  Otnessn  a***** 
611,  dumb-bell  n.bnla,  616;  a 
miniatures,  517  ;  filstst  isliasat  *f  tan 
able  nebuUe,  620,  528 

Herschcl,  Sir  WUIUan,  iti— i*js  « 
binary  star*,  3  |  divialoa  of  11  ateass. 
eernti*.  233  ;  colour*  of  doable  a****, 
269,  200 ;  oheerTstsan*  of  Mum,  341, 
849;  nebulous  stars.  400,  443,  443; 
planetarv  nebulas,  471,  481  ;  ssa*aaa 
nebulae,  484,  489,  498  -  sssssct  «i 
Trind  nebula,  509  ;  maJtftnla  saar  m. 
609,  511  ;  variable  t&ebalat  nlii  —  ■  *al 
by.  620,  523 ;  dark  note  n  Stssraa*, 
541 

HeTelins,  magnitude  of  R  Cepaet, 

Hind,    red   atar,    258; 
Cancri,  306  ;  of  D 
detection  of  T  Taun,  371,  523  ; 
temporary  nebula.  623 

Huffier,  parallax  of  stars   in  Ursa. 
290 

Holden,  polar  rays  of  toe 
dark  lane*  in   Herrul**  cj 
helical    nebula,    474  ; 
annular   nebula-,     485,  490  ; 
Saturn  nebula,  492  ;  *s*jl 
in  Orion  nebula,  603  ;   varsabtirry  *f  • 
star  within  its  eotspaat,  504  .   —  ■  - 
of  alteration  in  Omega  a*fcal*.  613 . 
duplicate  nondescript  aebaUa,  519 

Homstein,  the  son's  rotation,  144 

Howlett,  conformation   of 
31 

Huggins,  Sir  William, 
speetroBTaphy.  3  ;  appuaathoa 
Doppler'*  principle,  4  :  davlignt  e 
nal  photography,  20,  136  ; 
absorption,  22  ;  hydrofiai 
62;  duplicity  of  D»,  67; 
theory  of  corona,  134 ;  *p**6**  as* 
double  start,  160.  J05.  244  ;  ****** 
classification,     ISO  .  n ■»!■***■     sf 

Nov*  Auriga-,  378  ;  ■perWaea*  as4**av. 
443,  476.  512,  690;  'l-issJH  * 
66  Androtn*da>,  466  j  t 
nebula*.  636 

Hufarma.  Sir  WiUUm  and  Lady. 
of  calcium,  115  . 
in   stars,    176,    191  ; 
Rigel,  181  ;  of  Vega.  1 
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182;  of  a  aqua*,  232  ;  eflect  of 
gravity  on  stellar  spectra,  201.  274, 
270 ;  epactrograplii.-  i(i««ntlK*Uub  of 
trapezium  stars,  231,  332;  Wolf-tUyet 
spectrum,  941  ;  <|-*-ira  of  double 
ittn,  204,  270  ;  nteller  temperatures, 
278  ;  oxygen  ln0  Ijrss,  53*  :  unknown 
ultra-violet  nebular  rsy.  170,  505 

Humphreys  and  Mob  lor,  effects  of  pree- 
■ure  on  spectra,  ! 

Hnnety,  observations  of  Oir-lls,  595  ; 
glimpse  of  Nora  OnUun.  SM 

Huygens,  variability  of  ?  Oygni,  134  ; 
notice  of  Orion  nebula,  496 

Hyades,  *  non-nebnloiu  cluster,  412 

Hydrogen,  ultra-vfol.-t  apei-tnuu,  II,  62  ; 
a  chromospherk  <*ui»titn«ol,  10,  19, 
60,  112,  110,  117  |  harmonic  relations 
of  spectral  lines.  .'.2.  OS;  •  second 
series  observed  In  stare,  64,  1  ?'».  181, 
187,  189,  196,  237,  289,  240,  406  s  m 
nebola\  479 ;  escape  front  earth  ■ 
atmosphere,  66  ;  ■[•#<  trum  truneated 
in  tbe  tun,  60 ;  invht  in  sun-arxiLs, 
95  ;  in  fee  ales,  101  ;  atworpti**  enecta 
in  stare,  179,  181.  182,  191.  197,  308, 
210;  brifht  in  variable*,  166,  223, 
362;  in  hello m  .ur.,  220  386;  la 
Wolf-Rayet  stare,  237-241  ,  in  .1  Lym\ 
338,  839.  840  ;  in  Nora  Aung*.  376  ; 
in  Nora  Fernet  390  ;  in  nelmla\  470, 
478.  488.  600-602.  680.  687  ;  triple 
structure  of  bright  line*  id  Mire,  224, 
225.  238 

Hydrogen  ntsr*.  •p«-<tr«J  characteristic*, 
179.  182,  187-202  .  dMolopraent,  272  | 
tmiperature,  273 

lutpdl.  structure  of  a    rsy   nebula,  442; 

of  sji  annular  nebula,  492 
Id  tire,    investigation    nf    eclipsing    uteri, 

316  ;  magnitude  of  if  Cano*>.  371 
Iron,   absorption    in   »o1sj    spectrum,  80, 

40,  41  ;  iu  spot  sperlra,  90,  82,   90  j 

in  sutler  spectra,  188,  1*4,  191,210, 

212,    220;    «pecti»i    pfjK>i»i»i-y,   84; 

bright   lines  of,    in    Mm,    226  .   In  x 

I'ygni,  226 

J  anion,  discovery  of  i'  CyguL.  13  i 
Jensern,  solar  photographs,  17,  78,   75; 

corona  nf  1*71.  125  ,  Frauuhafer  llaee 

in  cronal  apectraBii  198 
Jnvelli*,  tu«A.«ures  of  s  pUnstarv  nabula, 

4  S3 
.It- well,     variable     Fraunbofer    line,    87; 

i-rtn  t-  "f  prrxciir*  un  we»e  length.  88  ; 

-tru'lur.'  <»f   Freunli  >f«  base,   40,  41, 

103  ;  titan  nun- 1  in  •*■   in   «diNimo*iil»criL- 

eprcirum,    118;    nilatinn  of  rerarwnr 

layer,  147 


Julia*,  eolar    phenaminn  explained   by 
anciiisJuo*  refraction,  147 


Kant,  nature  of  tbe  cr*ati«»  pn-reee,  646 

Kapteyti,  aUllar  •Jletributlia  anil  -petrel 
diversity.  178.  643.  tarn  hurt  y  of  ll" 
Pupp*  310 1  progreaalra  UluunaUou 
of  nebulosity  roaad  Nora  kernel,  896 

Kayeer,  apcctral  esriea,  53 

Kayeer  aa<l  Kvnge,  weisll  c  «i«ctra,  20 

K-»W,  imjort  of  s|«r*rosm|iy,  3  ;  eal- 
ii.  lbs  eun,  116;  hslinmalaorp. 
in  K«fl.  174  ;  radial  velocrttea  erf 
ulr,  177.  470.  476.  403,  493.  499; 
*p*curoeco|<k  Indication  of  huh  tetn- 
peratare,  181,  201  ,  bright  |(a«a  la 
fiinrtli  t>  i-  spectra,  218  ;  «|*c«niia  of 
a  Welf-Reyet  star,  239  ;  hydrogen- 
eavnlopn  of  another  spar!  men.  241  : 
•pectruuiof  rCaeafouet*.  249;  1>  Ituce 
in  fl  Lyras,  344  ;  sAotograuiia  of  T 
Tanrt  373;  of  mUIs,  417,  443,  44  4. 
437,  492,  408  j  of  duets*  to  Heraaba, 
432  |  errora  of  dratifbtatuen,  447  ; 
double  ftebnta.  462;  rifted  aabala, 
460  ;  epeetmeoo^Miewiinentoejnilav 
tlou  of  e  cbula,  409  ;  •lrawtnga  of 
planetanee,  470,  478,  479,  490  ;  de- 
scription of  Ctal  Baboie,  473  ,  Webb's 
planetary,  480;  ipectrant  of  a  steltar 
nebula,  4M  ;  alrurlureof  Lyranabnla. 
486 ;  oontrel  -Ui.  487  ;  hydrogen 
sprctraoi  In  usbulr,  49V,  60*i ;  errwinxl 
photograpb  of  Onoa  neWnla,  601  ; 
ultra-rioiet  ray  in  spectrum,  60);  spec- 
trum of  Trir.J  nebula,  510  ,  neJuple 
■tax  In,  Ml  ;  photographs  of  Hind's 
rartabU  nebula,  624.  626 

Kepler,  laws  saounoed  by,  1  ,  prescience 
of,  B  ;  letter  to  Herwart,  642 

Key,  atraelnra  of  annular  n*bul«,  403 

Key-hole  nebula,  relallans  to  nf  iiataf< 
■tare.  607  ;  exunrUon  of  ana  of  Ua 
parts,  60S  |  tpectrum,  609 

Korea,  dseeoeery  of  a  gU.l.ular  oloatar, 
433 

Kirhhall,  iulsr|iteUtion  Of  Frasnaaofer 
llnea,  18 

K  ri  libofa  law,  dlarefardetl  by  solar 
helium,  93 ;  by  nebular  ganss,  402. 
407 

Kllakerfuea,  parallax  of  Miear,  290 

Knopf,  optical  rationale  nf  reversing  layer, 

Knott.  nebuUms  aspect  of  IT  GanLBonun, 

301 
Koofc,  tanaWlity  of  H  Leonia,  866 
K.M.  fading  or  a  red  star.  874 
K.ak.dy.  ipeetrum  of  f  f.'aesiopetet,  248; 

of  (I  ( trloMi.  360 
;.:    i-  r_     >  \-  ■  ';   ;;.i  <•!    |    iMBCt)    1-~  \    af 
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R  Scuti,   248  ;  colour*  of  itam,    255 

m 

I.agnon  m-hula,  involve!  a  cluster.  424 
Lalaode,  observation  of  3  Uraic  Mojoria, 

353  ;  of  Draco  planetary,  474 
Laronnt,   measure  moots  of  M    11,    410; 

possible  temporary  sui  in,  411 
Lane.  oomrUrr  Inriua  in  solar  corona, 

126  ;  healing  of  gaseous  globes  through 
coudensatiou,  272,  273,  276 

Langley,  bolornetric  survey  of  infra-re*! 
spectrum,  22,  24  ;  selective  absorption 
la  aolar  atmosphere,  64,  70  ;  heat 
stoppage  In  terrestrial  atmosphere,  05; 
relation  of  temperature  to  spectral 
energT-curvo,  66 ;  bent  of  aun- spots,  8'J; 
observation*  during  solar  eclipses,  123, 

127  ;  multiple  star   in  Tnfld  nebula, 
511  ;  glow  of  white-hot  iron,  532 

Laplace,  self- absorption  of  sunlight,  70 ; 
dark  stars,  400 

Lassell,  star  in  a  double  nebula,  454  ; 
description  of  a  planetary  nebula,  481; 
observations  of  annular  nebula*.  489, 
490,  493 :  of  Trifld  nebula,  50V : 
multiple  star  in,  511 

Le  Cbatelier,  temperature  of  the  sun,  66 

Le  (lentil,  companion  to  the  Andromeda 
nebula,  441 

Lehmann  FUhea,  orbit  of  fi  Auriga*,  291 

Lewis,  spectra  of  mixed  vs pours,  34 

Liaio,  black -edged  prominence,  110; 
drawing  of  solar  corona,  127 

Undcinstiu,  obMrvaUons  of  V  Cygni, 
359,  361 

Littrow,  triple  nebula,  454 

fjvetug  and  Dewar.  spectrum  of  liquid 
oxygen,  23  ;  heat  relations  of  mas;- 
n  cm  urn -lines,  49  ;  ipcctral  series,  S3  ; 
spectra  of  rare  stmoapheric  gases,  114, 
120 

Lookyer,  Sir  Norman,  application  of 
Popplcr*  principle  to  the  euu,  19  ; 
detection  in  the  sun  of  carbon  and 
vanadium,  31,  32  ;  disappearance  of  a 
Fraunlicfer-line,  37  ;  photographs  of 
flash  ■pectmra,  46;  periodical  changes 
in  spot  spectra,  69  ;  solar  dissociation, 
90,96,114;  enhanced  lines  In  cbrocuo- 
uphcri'  ipectrurn,  119;  corona  of  1 87 1 , 
125;  wavelength  of  green  coronal 
ray,  130  ;  speetnim  of  Bellatrii,  191  ; 
or  a  Cygni,  193  ;  of  a  An, nils*.  201  ; 
of  8  asgittos,  025;  temperature  of 
ehwtric  tpark,  273  ;  system  of  fi  Lyno, 
339.  340  ;  meteoric  hypothesis,  451, 
634 

Lookysr,  Dr.,  disturbances  of  a  Aqnils*. 
323 

Loans,      O.,      investigation      of      ceriam 


spectrom,  30  ;   phnl  aqjrs fAI» 

of  cluster  in  Persen-*,  411 
Looped  neboiav  peculiar  fpatrts.  C 

512 
Lord,  spectrum  of  a  uniilssiw.  IM 
Latest,  pbaeee  of  V   Vai|«cmU.  S34 
Luut,  spectrum  of  e  Castle  s(a)ea\  £1 

silicon  in  stars,  1*9 

Lvne,    0.    variability     la     lofhi.    XT 

spectrum,  330  ;  chaajrv*  tat,  080.  M 

345 ;  system,  330-342,  345  .  oaosam 

345,  340 
Lyra,  ring  naboU  in,  484  4-M 

McClean,  photograph  of  a  lalbxrk  hat 
23  ;  spectroscopic  coaroaanT  of  1 
Milky  Way,  194%  19tJ,  043  ,  oi>| 
in  stars,  175.  232,  239  ;  State  <*■ 
Acatioo,  ISO,  187  ;  iiiiiiiranasi 
helium  stars.  181  ;  sfssctsal  sj— say 
early  stare,  18*  ;  spirtnajiaas  of 
Cygni,  204  ,  of  Asionss  atari.  21 
of  e  Carinas  236  i  .yUan  «f  0  Lri 
339  ;  speetnim  of  i  Onoass,  4  44 

Madler,  corona  of  18th  JnJy  l*0e\  IS 
satellite  of  Muar.  291 

Magellanic    cloade,      sasksjj    to 
Way,  187, 242,  844  ,  Wolf- 
contained  in,  242  ;    aeboa*.  013. 

Magnetism,  tertwtnai,  c  i  ri  I  jj  aty  «■ 
eidant  with  that  of  aun  eftota,  3.  1* 
sympathetic  raaposaao  to  soaar  apl 
lions,  166-159 

Msia,  light  power,  415  ;  rTTiasI  as* 
losity.  417,  146.  1X2  ;  n  J  rtil  ah 
Hffcl  ikesaaa    » 

Mason  and  Smith, 
nebula,  509 

Msunder,  prewar*  i 

helium  spa-tram,  08  ;  strmasri 
ran-epoU,  S3;  d oplioalad eaaoarnaana 
05 ;  white  promiBeaesw 
extensions,  134  ;  corooal 
135  ;  eruptive-  nature  of 
137;  movemeata  of  sant  ssssa,  Ut 
solar  periodicity.  1&C,  157  .  oaasffal 
Uon  of  nrbula,  584 

Maunder.  Mrs.,  coronal  phatosnfl 
134  ;  nature  of  promiaaansa,  1ST 

Maury,  Mi-a,  ataUar  rlsiiltiaassa,  U 
1S1,  102.  1S3,  185,  184V  IS*  II 
194,  197,  20V,  ¥05,  107,  210,  IV 
ipe>tmra  of  Fomalcavt, 
poslte  spectra,  265,  264 
lines  in  stellar  spectra,  20 
of  0  Aung*,  291  ;  s 
339,  340 

Vie.  blaek  hales  ta 
rnerje.1  brldfs*.  79 

Mecfaain,     aiscmory    of 
oeWla,  619 
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afecdenhaU,  characterieetion  of  aetrc- 
pbyafca,9 

Merope,  bright&eea,  41  Sj  attcodent 
nebulas,  4l'V  417;  nupeclal  vari- 
ability, 421  ;   ■pactrum,  632 

Meeder,  deeenpUan  of  Crab  nibnla.  518 

Metalloid*,  la  Uiv  auu.  29  ;  facility  of 
■pectral  efleoatnaot,  34 

Metal*,  la  the  tan,  26,  80  ;  iu  rtnra, 
181,  182,  183,  184,  189.  UKY  !'.»;. 
201,  205,  tot*  ;  enilefion  by  Id  alvllcr 
•poctra,  22fi,  234.  284  ;  abeonce  from 
nebula),  27h 

MicheUon,  Uinperature  *n<l  energy 
apectnun,  <■'. 

Milky  Way,  photographic  atudy  of,  7. 
68ft,  640 ;  4  dlaUnctlTa  apectrtavopie 
region,  173,  642  ;  frequented  by  Wolf- 
Rayet  itin,  187,  242,  MS  .  by  helium 
lUn,  196,  286,  548  ;  by  carbon  •tar*.  I 
221  ;  by  temporary  •tars  396,  402, 
543  ;  by  pnoui  Babul*.  398.  606. 
644  ;  by  globular  clnrtara,  44ft.  543 : 
problam  of  ccuialrnr.tJou,  63ft ;  dark 
opening*  in.  540,  641  ;  megnJludae  of 
component  nUr»,  642 

Hire,  character  of  ipecLrmn,  186,  232, 
223  ;  multiple  hydrogen  ray*  to,  234, 
225 ;  radial  motion,  234  ;  rednem. 
264 ;  vicietitudeo  detected,  348  ;  In- 
eonatancy  ©f  their  method  and  amount. 
349 

Mitchell,  hyilrtvn  rnectrnm  la  Orion 
nebula,  191 

Mixer,  a  apertroecopte  »Uuj.  289 ; 
nature  of  ej  atom,  290 

Monek,  theory  i>f  tarapvrarj  ntara,  579; 
preferential  rWolUty  of  white  liare,  643 

Moon,  projectile  character.  2;  photo- 
graphically itudied.  7 

Mono,  drawing  uf  Iha  corona.  133 

Motlon-displi.  r:i,»n:,  uf  ipacUBl  hum. 
4,  5.  286  ;  in  tbe  auu.  19.  38,  42.  106, 
108.109,283;  in  Mlra,  224 ;  by  rota- 
tion in  atari,  280-283  ,  lu  binary 
syetema,  2*8.  289,  291,  292,  296  ;  In 
*clipaiag  pure,  300.  302,  303,  807  ; 
in  abort- prrirni  rariahlpa,  820,  329, 
334;  in  0  Lyras,  338 -341.  343 

Muller,  K.,  double  nebula,  463 

Muller.  0.  and  K«ri.pf,  varUMlity  of  PT 
CyguL  S25  J  of  U  Valperalas  834  ;  of 
X  Peraei,  3fli»  ;  pbotnmetnc  catalogue 
of  the  Pleiade»,  431 

Myer-,  syatan,  aj  LT  Pagan.  332  ;  of  0 
Lyre-,  341,  342 

Ne?gam*ele,  photograph*  of  rleeh  ipec- 
trum,  46;  fcnluiui-eheorption  in  enn- 
apots,  94 

Nebula?,  connects!  with  temporary  atare, 


884,  304,  895  ;  photographic  auneye, 
448,  449  i  Irregular,  504 ;  noudeacript, 
516-621;  variable,  622-630;  «U 
Hon,  544,  645 

Nebula,  giaaoue,  pecalianUea  of  light, 
173,  261,  696.  687;  hollua  riniealoaa 
from,  174,  175,  491,  499;  nadlaJ  velo- 
cillea,  177,  470, 475,  483.  493,  499;  Ike 
metnoe.  of  .tare,  271,  460,  486,  490, 
496;  temperature,  902,  636,  636; 
foebla  luninoaitv,  532  ;  tenuity.  683, 
634,  636  ;  meteoric  aypoUioata  of  coo- 
caution,  634,  536 

Nebula-,  watte,  difficulty  of  apeclraJ  la 
eaatlgatioa,  174,  439  l  aptrality,  440 
446  ;  rifted,  447.  448  ;  avoidance  of 
Milky  Way.  446;  double,  462468  ; 
cluttering  tendency,  166 ;  probable 
■  hi  lejej  in'"  H 'i 

Nebular  pftyeka,  ineewarebk  from  -teller 

{hyeeas  171 1  oandHtona  of  progreea, 
78,174 
Habmlnn.    abeorptlre    Incapacity.   466. 

ASS ;    deaawr    Uiaii    hydrugea,    476 ; 

UtrwrtneJly  unknown.  176.  803 
NtKnloua  etara,  ltimiooua  eUbiliiT,  106  , 

llerwael'i  aotloe  of,  460  ,  diitiaetloo 

from   planetary  aaliula*,  461  ;  •pawtra, 

162.  465,  667  ;  frequently  cwnponad. 

448-465;  -loobtfol  inaiancaa. 463-467  ; 

dealrablt  inquiriee,    467,   4*8;    ee*j 

ebeorptt'e  ewrroundiega,  583 
Neerell,  expertaunta  on  coronal  rotation, 

13G  ;  duplicity  of  Cepella,  294 
Nawoomb,     ooaeUtutton    of    the     aoUr 

corona,  135 
Nitrogen,    eheorptwu  •  hue*     in    at^llar 

apeclra,  176,  181.  191.  195,  232,  235 
N'ordeuakiuld,  notice  of  clerite,  66 
Nora  Andromeda..  886,  ill,  450 
Nora    AqnlLr.    nebular   iranafanuatloa. 

886 
Noia  Auriga>,  nau4rayyaaa|n  Ja^eetigtlioo, 

176,    374.   882;    raddon    rue,   376; 

taaoriao  raaparding.  377-379;  aebolar 

phaea,  379t  361  ,  llgbt-ourre,  380 
Nora  t'nrinav  raaagaa  in  apaelnun,  383 
Nota  Onuuri  atnaarlUcn,  26 1 ;  apactruni. 

m 

Notb  Oygai.  nabalar  tnaafwiaetioau  382 
Kore   Norma.,    a4otagrafbat    datcorory. 

382;    na%aaaorne>oaU  Into  a   eehtila. 

888 
Nora  Peraei  (1 8871,  ffpoctrographic  record 

of  amaratioa.  884 
Kara   Penea    (180U  eadden    riao,    366  ; 


390;    light  curve. 
891  ;  epeetrai  eltetaUaae,  392,  398  ; 
nabokwa  emriroaaiettl.  394.  396 
Nora  f%agitlar>C  ■pectrograpbk  rwrda, 
886 
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Olben,  electrical  theory  of  cnmoU.  3 

Omega  nebula,  conformation,  611  ; 
alleged  change,  512 

OppolMT,  froUr  Absorption,  71  ;  meteoro- 
1  theory  of  the  nan,  164 

Orbtnsky,  measurements  of  ■  globular 
cluster.  436 

Orion  nebula,  helium -rev  In  spectrum. 
171.  499;  photographic  exteiiM' I 
100,  495  •  497  ;  nuclear  aUr  -  gronp, 
230  233,  195  -  407  ;  scattered  Mara 
in,  498  ;  hydrogen-radiations  from, 
499-502;  unknown  ultra-violet  IfeM 
in  spectrum,  502,  503 ;  suspected 
variation*.  503  ,  variable  stars  in,  604; 
low  mean  deniity,  539 

Owl  nebula,  observational  history,  472, 
478  ;  photographs,  473 

Oxygen,  telluric  absorption  by.  22,  23  ; 
pretence  in  the  sun-.  26.  27.  29  ;  dark 
tinea  of  in  stellar  spectra,  175,  161, 
191,105,232,239,241,  338,  465 

Packer,  variable  stars  in  cluster.  433 

Palmer,  distribution  of  stars  In  Hcrcales 
clwter,  432 

Parkburat,  phases  of  Y  Bootie,  313,  814  ; 
irregularity  of  V  Geminoruni,  866 ; 
light-curve  of  S"  Cygni,  367 

Psschen,  temperature  and  energy  spec* 
train,  06 

Teek,  Sir  Cuthbert,  work  at  observatory, 
254  ;  light-curve  of  8  Unas  Majoria, 
363  ;  light  change  of  R  Lynch,  356 

Perelre,  description  of  a  tun -spot,  75 ; 
drawing  of  a  sun-spot,  78 

Perrtne.  expansion  of  nebulosity  about 
Nova  Pereei,  394 

Pcrrotin,  colours  of  double  atam,  259, 
2G1 

Perry,  Father,  dnrk  h«limn-1ine  in  »un- 
apot  spectra,  94 

Perry,  Professor,  masse*  and  temperatures 
of  alara,  274 

Peter.  lavaaureiiicuU  of  clusters,  160, 
426 

Photography,  advantage*, 3,  5  ;  Ian 
double  slit,  9.  18,  50;  solar.  17.25, 
40  ;  chromospberic,  18,  99.  10C.  114 . 
of  reversing  layer,  45,  46  ;  of  corona, 
189-185;  of  temporary  stare,  175, 
876,  382,  387,  888,  302  ;  of  nebulous 
stars,  190,  462,  464,  465,  466;  Of 
irregular  nebulas,  205,  507,  508.  509, 
511.  613-515  ;  of  Nova  Pereei  nebula, 
394,  895 ;  of  Pleiades  ueUdasiU«, 
416-420  ;  of  white  uebiiW,  442-444, 
448,  449,  466,  468;  of  planetary  end 
annular  nebulas,  472,  484,  487.  490, 
493;  of  Orion  nebula.  406-497  .  or 
variable  ncbul*,  626,  629 ;  of  Milky 


Photometry,    its 
Pleiades,  421 

Photosphere,    a 

temperature.      49,     64 
Ktitntion.  62.  63.  «" 
formation,  402 

Piaui,    nebulosity    at    M    Aacrasj 
466,  467 

Pickeriog,  K.  C,  di-ovary  ef  e  en 
hydrogen  seriec,  56,  JJT  #- 
■DBarption  iii  solar  »•- 
spectral  cbaracU 
174  196;  fifth 
spectrum  of  Procyoo. 
MonoearoUt,  234 
aUra,     239,     240 

epeetra,  265  ;  rotstte*  ef  AM*.  1 
eclipses  of  Algol.  50s,  BOS;  ft 
Central  of  eclipaing  atara,  000 ; 
of  U  Ccphei,  310;  of 
316;  of  S  Aatliaa,  341 
aeter  of  V  Puppia,  334  ;  ef  0  L] 
338;  light  cum  of  T  Aeriraaa 
367  ;  spectrum  of  U  Osaii— isay  1 
of  Nova  Peraed,  392 ;  pbiieegseel 
Nora  Pereei,  368  ;  epcarteo  of  seal 
Pmeepe,  413;  eeerau  e*  PW 
416  ;  surmised   onaee  of 


of  g»Jo**. 
attlemr  tree,  1 
oyoo.  203;  ef 
;      ee-    Weef  1 

PosnpeiiN  eft 
eaw.i 

U 


bility,  436  ;  cataJosnw  of  etase  In  1 


438  ;  detection  of  a-ulUr 

482  ;    spectrum    of 

612 
Pickering,  W.  H„  spectrsraa  of 

romencae,  110;  pketogrmfsse  sat  ase* 

190  ;  of  Orion  trmpssdtiea  ;  of  eeH 

Involving  nebvksrity.  496  ;  — il— 

of  tbe  entangled  star*.  497  J  cetana 

distance,     498;     a^erbr**     of    0 

nebula,  503 
Pigott,  diacoverv  of  R  Meati, 

Corotue,  371 
Planetary       nebula* 

criteria   of   diatiactioq 

stare,  461,  460 ;  Thar  sisal  ke  sea 

469  ;  radial  valocrtiaa,  670,  471. 

temples  structure,  471 

472.  474.  532;  spectra*  4?«V«7»; 

nuclear,  480  ;  diatneertKst,  644 
Plaaamana,  ligkt-eaeafe  of  X  Teswv  3 
Pleiades,  helium  spavtra,  tSl.    104,  i 

420  ;   eabnleoaly   tntolved,    180, 

416-420;  general  stakality 

406.  421  ;   drifting 

415;  atypical  uebukeaa 

fewtiKM     of     real 

recession  frees  tfce 

fugal  tandeney.  497 
PluvtaeL    Frauabefer  -  line* 

■pectrua.  132 
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Pom,  Tonabihiy  of  8  Una  Majicu, 

863 ;  of  B  Lapbai.  309 
Polaria,    ■jw.truBi,    206 ;    triple   ayatem, 

298  ;  ■ 
Pollux,  aaUmata  of  mua,  S00 
Potto,  %hlcur*r  nf  U  Ononle.  860 
PlMMipi,  ineaiunai  o<  iiomc'iKBU,  412: 

thair  •pcctra,  413 
Pritdunl.  |«t.ilUi  of  (i  Aurt**,  291 
Proctor,  rafmctioa  In  atta-npoU,  80 
ProcjOB,     apectral     rvUtioaafclpt,     182, 

208;  mui,  204  ;  eami  <il<eour*  com- 

panioa.  400 
PromlMbMa,  coToaaoapbaric  o*t«rowUia, 

16.  lfc\   101  ;   aMoRTa***,   18,   09, 

109 ;  vuialieu,    102,   108  ;  m<«y«in«nt* 

la,   103.    108-  109;    atmetnre,     108. 

106,  1011 ;  .ltamatrwal  ■ttuatima,  108; 

whJW  aiul  Mack.  110.  120:  apaotram, 

116-121  ;  rvUUooa    will,  coronal  jeta, 

129,     130;    ejectiva    rbanacWr,     137; 

moveo.il"  in  Ut-ituda.  163 
Pa  pin,  corotol.UI  dlaaaarffea,  140 
Pye,  obaervation  of  ravaraUg  layer.  44 

Rambant,  orbit  of  fl  Anrif*.  391 
Kamaay,  diacorary  of  Mam,  29,  68 ; 

lU  alactrlc  conductivity.  69 
Ran  yard,  photograpo  of  a  eun  epot,  76  ; 
coronal  ■truclcrwa,  128 1  coronal 
typaa,  128:  wmlral  atar  In  l.yra 
nebula.  1*7:  (-information  »f  Orion 
nebula.  1 04  all.M  >'..'■!■  '»!  "tarn  i :> 
Key  h>l«  nebula.  60?  ;  dtmoean  of 
nebula .      t'A'J  ;      tlietr      tmall      mean 

dainty,  598;  6X4 

Ited  alarv  An  tartan,  179.  183,  209; 
carbon  tyj«.  I":'.  1»4,  818:  VaVwmla 
in  tint.  264-266  ;  in  llgbt,  862,  370, 
374  ;  rcl*ti"U  of  '--•I'-ur-inUnaily  (o 
lenirth  •:■'  Bfftffjj  368 

Reed,  halt-  in  .Ullar  llffht-ehaafa,  860 

KefrartbaB,  nlbvt*  uf  lu  nun.  106-167 

Hegulu*,  a  helium  *Ur,   1M 

rUvanting  Uytr,  diaoloaura  Uuriua; 
eclijiae*.  V,  44  ;  poaition  in  taa  a**, 
1«,  4«.  181  ;  pfcot  graphed,  46,  48; 
analyabi,  17.  4*.  182;  Urapantara. 
49  ;  trun-nuUily.  60  ;  alight  piiailll 
in.  61  .      pttad  raU'mala,  166,  187 

IU'-Cm.  le\*  I  t»(  «uu  tpot*,  80 

KiKcb  abv-d ■•.-  I  in  by  helium.  174,  181, 
Itfl  ;  bj   •.h-on,   1H3;  ina.inoeity,  198 

Ititrhey,  Mi)«tidiui|  nabula  round  Nora 
iVr-i,  394 

Itittvr,  «ii\r  m»**«  and  lain  pent  urea, 
274.  276 

Roberta,  A.  W.,  eyttaw  of  Its!  RaffUaril, 
30"  ;  dotaatlOa  aitd  iu*e*ti|ptfion  of 
eclipaiog  M8W,  SIS.  818.  S18  ;  phaata 
of    6   Vepbai,    320;     of    K   TriaDfoll, 


324 ;  of  R*  Cantaorl.  831  :  of  V 
Pnppta,  334  ;  of  8  Arm,  336  ;  macnl- 
tada.rfw  Carinas  871 

Rnbarta,  leaac,  pb>Ho»jr»pht  of  a  elrral 
nebula,  190,  616;  of  duel  an, 
4S3,  436  ;  of  tba  AaJmrn-da  ewbab, 
440;  uf  other  iiaraU,  441,  442:  of 
rtftatl  nabuba,  447.  445;  of  a  aabaluua 
aUr,  466;  of  Owl  nebula,  472,  478; 
of  annular  oabulas  480,  490;  of 
TViBd,  609;  of  On>«a  nebula,  511  ; 
of  aonriaacript  nebula*.  617,  618,  619, 
620 :  |ibotofmihlc  aaarch  (ur  a  vanJabrd 
nabula.  626 

UmImiwmiu,  nl^arTalloo  of  Ur  Owl  txtnua, 
472 

RoaattL  tolar  tanparaturr,  86 

Koaaa,  Lord,  irnu^nwit  of  atara  In  M 
37.  410;  nabuloaity  or  16  Moiio- 
crrotla,  426  ;  parforalad  eluatar,  4.1S  ; 
ray  nrbnla,  442  ;  IjM  ik-IkjUt,  44S, 
441  645;  cometary  orbnla,  U 
observation  of  68  Andromada,  446  ; 
Owl  nebula,  472,  478;  ceatraJ  atara 
in  annular  nabul*.  480,  469,  498; 
Crmli  nebula,  618  ;  conUnua  of  i 
B*bul»>  681 

Rotation,  aular,  ■paciroafopicaj  I  y 
n»lna.J.  7,  19,  144,  146;  from  apal- 
aaovannta,  83,  142,  148;  from 
facaba,  146.  146:  attrwrAad  aspUna 
Uoo  of  anonuliaa.  147  149;  taaa- 
ratical  effect*  In  ■tollar  apactra,  280, 
281  ;  naooaraat  to  ibaar^iloa.  262 
284  |  of  paaaatar*  aaVaaa.  469,  470 

Howland,  tnvaotiao  of  aoacai 
18  ;  raap  of  aolar  ipactrara,  26  ; 
limtunrtry,  26,  26.  30.  31.  82 ;  plwto- 
(rapUa  of  laaUllic  KjwcUa,  26,  81  ; 
variable  Praanhoferlioe,  97 

Ral-iu,  tetnparatura  and  epactral  eatergy 
onrra,  66 

kun/a.  daplicit?  of  cWviu .  ray,  67 ; 
faydrofaa  -  aavwiopo  of  a  atar,  241  ; 
•pavtnun  of  Orkaa  nebula,  601 

Ruga  and  Paaaaaa,  oay^an  tnplaA  aa 
aoW  apawtnaa.  29 ;  apactrai  aaviaa, 
63,  64  ;  ejjectram  of  balium,  67,  68 

Knaaall.  B.  (X,  motatuanu  of  atara  In 
Jvwwl  c I aatar.  414  ;  phoUajraphto  aad 
aiaoal  ubaaramllowa  of  Ray-hida  nabula. 
607.  608  ;  u4wtoffrapba  of  Coal-eack 
ration.  640 ;  of  aaboW.  644 

Kua— II,  H.  N  ,  daaaity  of  eelljNlng  itara, 
807.  808.  310 

Rydbart,  rpaclral  arriaa.  68;  laird 
aydroffu*.  aadoa,  187,  180,  832.  287. 
286,240 

Habtna,  annepot  aad  inafnatk  paatoda,  3. 
19 


564 


Stfank,  periodicity  of  3  Persei,  370 
Sampson,  origin  of  the  tolu-  rotAtlon,  148 
SavSHeff,  solar  radiation.  68,  note 
Sawyer,  vnri&bility  of  U  Opliiuchl,  311  j 
of  B    Cuif    Mejoria,    SIS ;    of    RX 
Heroalis,   315  ;  of  T  Vulpocalw,  326  ; 
luminous  outbursts  of  R    Lyra»,   368  ; 
minimum  of  R  Coronre,  372 
Seluebcrle,  perspective  effects  in  corona, 
124;  coronal  photograph*,   126,  129; 
ojective   theory   of  corona,    1S7,   165  ; 
conformation    of    nebulas,    474,    492  ; 
photograph  of  a  nebula,  516 
Scheiner,    tieat-rtslationH  of  mtujoeaium- 
Uom,  49,  181,  167,  200.  201  ;  locus 
of    general     abaorption    in     Ann,     71  ; 
tfiinporatnre     of     the     corona,      138; 
March     for     electrical     vibration*      in 
sunlight,  169  ;  carbon  bandit  in  stars, 
184  ;  constitution  of  solar  atari,  207  ; 
temperature  of  electric   spsrk,    273 ; 
incipient  brightening  of  stellar  hydro- 
gen band*,  284  ;  photographic  catalogue 
of  start  in  M  13,  438  ;  spectrograph  of 
Andromeda  nebula.  439  ;   photographs 
of  nebula?,  493.  513  ;  measurement  of 
■tars  in  Orion  nebula,  498 ;  hydrogen 
spectrum  io  nebula;,  499,  602  ' 
Schiaparelli,  colour  of  Siriue,  256 
Sohjallernp,  red  stars,  256-258 ;  obser- 
vation of  6fi  Andromedjs,  466 
Schmidt,  A.,  optical  theory  of  the  sun, 

165.  100 
Schmidt,  J.,  colour  of  Algol,  256  ;  low 
minimum  of  S  Cancri,  306 ;  detection 
of  a  gronp  of  variable*.  825  ;  fluctua- 
tions of  f  Geminornm.  328;  periodicity 
of  u  Herculls    and    R    Lyne.    868 ; 
minima  of  R  Corone?  and  oft  AurigK, 
872 
Sohoofeld,  period  of  R  Lyras,  368  ;  vari- 
able nebula,  628 
Schultz,  central  star  in  Lyra  nebnla.  486 
Schumann,  constitution  of  Nova  Auriga-, 

878 
Schur,    light  curve    of   tj    Aqsilss,     321  ; 

catalogue  of  stan  in  Fresepe,  412 
Schuster,   spectral   series,    63  ;  variations 
la  the  electrical  conductivity  of  epace, 
168 
Schwab,  phasea  of  U  Bagittce,  816 
Sohwabe,  discovery  of  sun-spot  period,  IS 
Sohwanschild,  orbit  of  fi  Aurigw,  291 
Sear)*,  invisibility  of  star  in  M-sonuUr 

m*rmla,  490 
Seccbi.  darkening  of  sun's  limb,  70;  rosy 
veils  in  spot  umbra,  77  ;  erupt  its 
hypothesis  of  solar  constitution,  166  ; 
localisation  of  stellar  varieties,  178, 
179,  181.  186,  186  ;  bright  lines  (a 
fourth-typo  spectra,  186,  216;  spec. 
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tmm   of  a    Hercnlia.    211;   of 

Superba,"  217  ;  of  y 

249 ;    of  &    Lyra-,    *W ; 

double  stan.  200.  241  , 

in   Lyra  nebula,   4S6  ; 

in    Gemini,      498  ; 

Hind's  nebula,  623 
See,  evolution  of  doable  scan,  if* 

462  ;  dementi  of  Stria*  IS* ;  » 

of  Sinus,  25ft  ;  doable  a-baha,  4ft 
Seeliger,  selective  abaorptiosi 

71;  »Ur  refraetio.,  167; 

hypothesis     of     N 

theory  or  stellar  oat  bants.  879 
Sbackletoo,     pbcrtoejmpfe    of   aw**    « 

trum,  19,  46 
Sidereal    physic,    dedued,    171  6   as 

hsaatM  of  aolar  payaica,   172;  as 

177  ;    connection    with  aeeeeeal 

chanica,  2S7 
SiUgrtavee,  variable? 

convexity  of  spot-uaibrx,  80. 

vntioo  of  a  prominence,  lit ;  reea 

of  faenlsa,  146;  eruptive  ■yye'aaw 

solar  constitution,  165. 

of  Mlra.  186.  228  ;   of  i 

167  i  of  0  Lyras.  839  ;  < 

Nora  Aarigsa,  879  ;   of  See*  Par 

890,  891,  892 
Silicon,  a  constituent  of  the  astaV  0, 

nf  aura,  181,  182,  191.  198,  19ft,  1 

232 
B9rhssi  'ilic'>u ebwrytioa  in.  191;  sew* 

character.  197.  200,  201  ;    aaasa  < 

brightness,  198,  199  ;  eolow  is  el 

quity,  368,  256  ;  dcafcy  ■itiassss,  4 
Smrtn,  Admiral,  colour*  of  dee  We  stt 

269.  260  ;  gold -daws  el  aster.  414 

red  satellite  rtar,  404 
Smyth,    Mam    experftaaeato    «a    m 
t,    M;     eaaosn   af 


heat  •  radiation, 

HercuUa,  260;    redaeae   of  a 

370 

Sola,  Cotnaa,  triaaruWUca  wf  ** 

Sagittarius.  494 
Solar  physics,  wide  ressfe  of.  f ; 

tion,    13;    altared    Heatcufcal 

methods    and    ebaraotee    of    pay 

17.  20,  160;  lllastrated  by  saaan 

resoarvh.  172 
Solar    stars,    characteristic*.   Ill   % 

transit  ion  from  hyeVaawss  seat*,  81 

giant    tpecime**,    20t\    308  .    saw 

orbs,  206,  207; 

etara,  207 
Spectra,    nebular,  aifaeaflty 

gmtfat    178.    174; 

440;   awaeeae,    476-480, 

relative  strength  of 

476,  479.  499 .601;  of 

tSomfef 
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Spectre,  etellnr,  local  di*mltj«(17a,  187, 
196  ;  cleatirkntioe.  179-138  |  banded, 
179. 183.184.207. 209-230:  with  bright 
linen,  186- 138,  217-420.  223-235,  237- 
246,  407,  408;  variable,  237,  147-262; 
■  ,,.,!..,,-,  :';<;,  vi;,  2.*  1  .  diaaimi 
larly  coupled,  343-249,  370;  rnluUrma 
to  colour,  263.  370;  evolutionary  eup- 
«wl(iu,  271-278:  of  Algol  variablea. 
81d;  of  <:*i»b*-UI  iiruVlN,  52?  j  of 
Mm  variable*,  340;  of  Nov.,  397  ; 
of  cluetera,  418,  414  ;  free  from  nebo 
i*r  absorption,  6X2;  gulncttc  type*,  MS 

Spectrography,  imporUnro  of.  8,  4.  38. 
122,  284  ;  detection  of  binary  tyiuru 
by,  369;  applied  to  temporary  alara, 
370,  884,  888  ;  to  cluaim,  418 ;  to 
nebula,  439,  474,  80S 

Speetroe«opU>  rrtninea,  diecoeeriee,  178, 
389-298  ;  of  dtMmlln  light-quality. 
344,  396 ;  efecle  of  rotation  on,  283  ; 
nature  of  evidence  regarding  tbeli 
movement*,  388  ;  claeeiflcetion,  389 

K  pert  rum.  •olar,  vutble  eeoUou,  21  ; 
into -red.  24  ;  photographic,  26  ; 
thronged  with  eheorptloo  ■  Una*.  38; 
ixmiliarttlai,  87-43,  182;  telluric. 
38,  34  i  of  eiygvu.  3ft ;  of  bettnm, 
29,  87,  68.  118,  114,  174  |  <rf  nrks, 
31  ;  of  reversing  layer,  44  48  ;  of 
hydrogen,  82-84  |  of  *oroclum,  80, 
190 ;  of  ■iiu-apota,  88-98  ;  of  fatal*. 
9fl,  100 ;  of  chroraiMphere  and  promt 
uencee,  1)2-121,  143  |  of  tli-  corona, 

I'O    i,.V.     \M 

SfH-^tnim  analyst*.  Import  of,  to  aetr»- 

n.:iiiv,  i  ;   to  a-.lar  |.liv»ii,  14 
Hpam,'  lijrbt- change  of  8  Anllur.  331 
Jtpica.  a  epeciroecoplc  binary.  292 
Spirit  nebula,   rumple*,  440-448,  487  , 
prwalMifc,     443  ,     eiplaaiv*    theory, 
448 1  Mtuul.u -luplidtf,  483 
Bpttoltfi  'IrawtBf*  (>f  nebula.   466.  487, 
164,    830  ;    mvaturamenui  of   uebul*. 
4831  .    invieiblllty   of  central   iter   In 
Lyra  net 'iila,  487 
Bp  i>  r,   ■b.fljnga  of  sua  epot  rone*,  181, 

189 

Star  .  Inetere,   globular,   atroelttiel    plan. 

40V,   I2fl  ;    eiawplm.   429-430 :    nun- 

uol«iloue,  433,  ueeto  of  variable*,  494, 

186,     884-488  .     frequent    the    NUky 

W»y,  448 
Hur  *■  luelere,      irregular,     eoojormntloo, 

40W  ;    example*.    410-414;    nebulous, 

423-427 
HUn,  claaaiQco'Joo,  179;  evolution,  271- 

279;  raUtlott,  280  288 
.Stefan,  law  of  radUUoa,  84 
Stellar    natal**    limit*!     to    tba    Milky 

Way.  844 


Htephan,  achuloae  alar.  407  ;  diaoov-ert 
of  an.bala.479 

■bona,  Onnowt,  aapeet  of  Orion  nebula, 
603 ;  varying  bright  ne*.  of  onntnlnal 
etara,  804 

Htnney,  »p*Hral  eerie*,  83  i  eaonpe  of 
gaaa*  from  planetary  atmoapberan,  88; 
rompoiition  of  phctoavhnr*.  03 

Strut  vuotf,  rotation  of  tba  wn,  83 ;  of 
faculae,  148,  147  ;  omnia  «f  fe 
Pleiadee,  418  ;  netmloatteaa  of  tba 
Pleiad**,  418 

Strove,  0.,  dietaioo  of  y  Andromeda, 
244 ;  raata  of  *  Caeelopeon,  248  ;  ob- 
■erraUoD  ot  ut-uuulax  nebula,  490  ; 
•lianppearunoe  of  a  star  in  Orbs  nebula, 
804  ;  diarovery  of  a  I— iporary  ubnla, 
824 

Strure,  W.t  colour*  of  double  »t*rvt  289, 
281 :  duplicity  of  Atlaa.  421;  tnpllclty 
of  18  MooocaruOa.  420 

Sun,  new  vie w«  regardlngi  1 4, 16;  append- 
age-, 18;  ■beaatotry,  18,  21,  26-34. 
183;  apectral  pMoHarittaa,  34-U, 
102,  163;  connmnatWw,  02,  101  , 
gvnaraJ  atmoapbarw  abnorptloB.  04, 46, 
09.  70.  71;  radUUon,  04.  06\  88,  161. 
168  ;  uMapmtnns  46-47,  48  ;  lAoto- 
rpnerif  vol.  71,  72;  a  bright  line 
•bar,  121,  184;  mode  of  rotation,  143 
149.  181  ;  perlodlritv,  160180,  143  j 
■  vnrubU  ftar.  161.  342  ;  tbeoriao  of 
nonatltutioa,  104-147;  a  eolitmry  body, 
172,  382  ;  motion  in  apace.  192,  410  , 
etagv  of  dweloproent,  974 

Son  ■pot*,  periodicity,  3.  13,  180  UJ 
doubta  regarding,  B,  8«.  37  ;  •pertn, 
72.  0S97,  183.  196;  ntractural  feml- 
uraa,  78.  76-77  ;  ralntlona  to  facnkn. 
74,  181  ;  grooplnn  77  79,  88  ;  quae 
Uoa  «f  level,  79-M,  88;  bant  emtaeio**, 
81.  82,  184  ;  movemanta,  83  86.  94, 
182>  144  |  iHoieiMiona,  86;  ehamutry, 
91  ;  aoarcity  in  aeventaenlb  eectary, 
164;  mngualc  relatione,  164  1M 
nalare  and  origin.  102,  104;  rnfrnatfva 
effect*  In,  107 

Hwifl,  black  linen  in  promlaenaea,  110  | 
nalmloalty  in  Monnonroa,  426;  hnb- 
llna  nebabn.  442;  double  nebula,  465. 
457  ;  nebular  grou|ia,  468  ;  nebnlama 
aUra,  442,  443;  new  fenturv*  In  Trtfal 
an>l  Omcgn  nebula-,  822 ;  obeannlkw 
of  a  variable  nebula,  627 

flykon,  meantime  nf  tba  inn'i  diameter,  74 

Tnockinl,  •laylight  vilant  of  chroma - 
•pbere,  109|  vbltr  pramlnoaoae,  1 10, 
120;  coronal  relation*  of  pvomin*noem. 
129;  magnetii-  InfltieiKevofthecbi 
•share,  167 
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Telluric  sbeorplion,  22-S6 

Tetnpel,  discovery  of  M crops  nebola, 
416,  522;  drawing  of  a  spiral  nebula, 
443  ;  Cuacornac '*  nabula,  623  ;  obser- 
vation of  Struve's  temporary  nebula, 
526 

Temperature,  of  reversing  layer,  49 ;  re- 
lation* of  lo  hydrogen  *pectrum,  64, 
201  ;  in  solar  photosphere,  63-67,  69  ; 
Id  jun-ipoU,  92,  96,  104  ;  in  solar 
corona.  138,  140  :  in  stars.  19a  196. 
199-201,  278,  274;  in  nebula:.  602, 

M 

Temporary  nebula?,  624,  626,  628,  629 

Temporary  Stan,  spectral  character, 
176,  397  ;  recent  apparitions,  375- 
390 ;  photographic'  discoveries,  382- 
887  ;  "umuiary  of  facta  regard  inn, 
390-398  ;  galactio  proclivities.  396, 
402,  643 

Theodoras,  observation  of  u  Oirinst,  371 

Thome,  colour  of  e  ilarinr,  371 

Thomson,  electrical  aflinrUrs  of  hydrogen- 
lines,  112 

Tlwerand,  disturbance*  of  Algol,  306, 
300  ;  of  U  Cophei,  310 

Titanium,  absorption  by  in  the  mm,  32, 
49;  in  epota,  91,  92;  in  etar*.  19l!. 
193,  198,  226,  232  |  bright  linn  of  in 
(lean  and'chrouioaphcric  vpectra,  47, 
118 

Toucani,  47,  globular  dorter,  431,  436 

Tripexium  atari,  oompoaition  of  group, 
230  ;  spectrum.  231,  232.  498.  632  ; 
iucoiMpiciiuusly  variable,  406  ;  photo- 
graphed, 496  ;  proper  motion,  497, 
498 

Trifid  nebula,  nuclear  multiple  star,  40(1, 
510;  conformation,  609,  510;  spec. 
mini.  610 

Trouvelol,  veiled  upota,  102 ;  observa- 
tion* of  prominence*,  1 06,  1 10 

Trowbridge,  spectroscopic  experiment*, 
34 

Trowbridge  and  flntehins,  carbon  in  the 
sun,  32 

Tuner,  photographs  of  the  corona  in 
polariaed  light,  1 32 

Tattle,  discovery  of  a  variable  nebula, 
627 

Vanadium,  a  constituent  of  the  sua,  32, 
49;  of  prosnlaeocee.  119;  of  Stria*, 
198 ;  prominence  of  ebeorpttou  in 
apot-apectra,  91,  92 ;  emiauon  In  y 
•Caaaiopaiie,  234,  249 

Variable  nebula-,  evasive  of  recognition, 
622  ;  authentic  examples.  623-628  ; 
problem  of,  629 

Variable  stare,  aolar  analogy,  161,  176, 
362,    406 ;    their    helium    emission*, 


176,  326,  2*28  ;  ope©  W>  1 1  ■  anV,  1 
176;  ia  clatter*,  177.  319,  331 1 
433-43S  ;  with  fourthly?*)  *f*S 
216.368-360;  with  bstgnt^a**  as 
%la**1l,lMMMari  r.tLoul 
spectra,  246-243  ;  mttaee*.  UN 
862,  368  ;  of  abort  patted.  SIM 
404;  of  long  period,  947-4*3.1 
gnlar.   363-374.    405 


spectrum  and  period,  404-461 

Variable  stellar  spectra,  an  taerpfcna 
phenomenon. 227  ;  example*. 24*3 
838,  330,  344 

Vega,  RpootrograpbeU.  1 83  ; 
apeetruni,  197,  198,  201  ; 
200 

Very,   pbolospheric 

nebulous  formatioa  round  N* 
396 

Vogal,aa,tpeciroBrapJikis  lie*** 
of  radial  motion,  4  ;  aolar  aSusajii 
absorption.  70.  71  ;  holms*  etar*.  1! 
181  ;  stellar  cJaael  rtcaUioxt,  1M.  11 
carbon  stars,  184,  277  ;  date*  esae* 
211,  277  ;  spectrum  of  Mirsx,  30; 
a  WoLT-Rayet  star.  289  ;  «s*  B  Oss 
nonim.246;  of  y  (asiupe— .  246 ; 
It  Crgni.  265  ;  of  M  Hernias.  * 
ofCapella,  294;  «f  0  Lym.  S3*,  X 
colour  of  y  Dclphini,  200; 
Altair,  281;  perioa  of 
duplicity  of  Spies,  293 ; 
of  Nora  Aarig*.  378  ;  r*4asl 
of  Nora  Perse*.  390 ;  ftrvctxsr*  sf 
planetary  nebula,  471  ;  *4«arvan*aa* 
annular  nobaha,  487,  490,  4*3  -  * 
visibility  of  a  nehuba,  £88 
Vogel,  H.  W.(  ftfth  hy4rexea*vlaxta,  S3 

Wads  worth,  small  apertures  far  MM 

photography,  423,  496 
Webb,  colour*  of  double  itm,  269,  X 

dieoovery  of  a  planetary  ReWla.  479 
Weies,  coronal  struct  ore,   136 
Well*.   Mies,   discovery  of   W    I  Met* 

315;  of  8»  CygnU  364 
WeenWlL    pboiosssstrk    ■!■■— I       ef 

Pegasi,  332 
Wealey,    study    of,    aa-1    dr*wun*»   be 

coronal  photograph*.  125,  1*4,  IS 

135 
Wiedemann,  effect*  of  In sail  lessee*  m.  S« 

397 
Wilnyn-ki.  »»4*  of  soesr  iHiHi^  lil 
William*.  SUaley,  dsnovef*-  ef  eaass 

Ess)  «tai%  316  :  of  V  Pupfjie,  *** 
Willing,  rotation  of  farxuu*,  lU.Wtj 

■uu.   148.  149;    abaausos  est 

ril  •»«•**«   ki  euxdl*>&,   164)  ; 

eecenee     of     Waspe-wr    elan, 

system  of  61  Cypri,  403 
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Wileoo,  AkzuiilM.  ptnpMtlx  effect*  In 

■nn-ipota,  71      80 

WUaoo,  H.  C,  olrnrtum  of  Maia  nebula, 
417  ;  ertirioT  Pleiade*  nelmlnNty,  410 

WUeon,  W.  K.  hart  of  bud  epote,  82  j 
nebula  rouixi  Vara  I'en*l.  395 ; 
photograph*  ofnehnh*,  444,  446,  484, 
510 

WUaoo  and  Oi»),  rirteraLbataoa  of  tb« 
ran'i  teanponU'irr.  64.  66,  47 ;  vari- 
able radiation.  68 

WUaoo  and  Rambaut,  arreat  of  heat  hi 
aolar  and  tat iwOrial  atmoapberea,  66, 
60 

Winkler,  detection  of  gvrnuuiltiiu,  33 

Wlonecka,  oorooal  nbaarvaUoaa,  193, 
126  ;  meaaun*  of  «t*r»  In  Prawepe, 
412;  variability  of  IB  Mnnocwrnlia, 
426;  deecripimo  of  Webb  a  nebula, 
479;  ladkaliiiaa  of  nebular  variability, 
528,629 

Wolf,  C,  map  o(  the  Pleiade*,  421 

Wolf,  Max,  photographa  of  E>lactW-  oebu 
loaittee,  106,  614  I  of  the  pier*  of 
Nora  Anri|j .  376 ;  ^t  the  Nora 
Pemei  nebula.  394  .  of  tlir  I'lnaUr. 
neboloaitiea,  418;  <>r  platmUriiw,  492; 
electrical  rationale  of  Hon  fVreei 
nebula,  895  |  phot  itfraphk  nehqler 
aurvey,  449,  ;.44  ;  a  rlneltr  of  nebula*, 
458  ;  nebular  ilutnbuttou,  641  645 


Wolf.  IL,  enn  apnt  and  magnetic  porioda, 

3.  164 
Wolf- IU  yet  Oara,  nartela  unapperetd  la, 
176;     •partK<v7»|.U     |#7 1     nalaaik 
dUlrftmtioo.   t*7,  242,  643  j   Mtom 
of  apectre,  IBS,  287  240.  284  ;  affiol 
tie*,    105,   217.   Ue\    240,    278,    440; 
epactOMO  with   a  hydrogen  envelope. 
240,  241,  Z44  ;  etahUlty  In  light,  400 
Wolfcr,  enter  rotation.  13,  147 
Wood*,  eoiipoee  of  8  Velonnr.,  814 
Wriest  orbct  of  •  Aqoiua,  SM  ;  ape*. 
tniD  of  N  ovi  aaanuam,  386  .  of  Nora 
AqQli*,m 

TaenloH,  ori.it  plana  of  Algol.  MS; 
light  -change  of  *  8erpe»ti»,  835 

Too**.  pTOoalnakr*  photography,  18 ; 
epectroeeoptc  naatauremait  of  the  mo  a 
rotation,  19,  288;  obecrvattos  of 
revepuBg  lay**,  19,  44  ;  description  of 
flaah  ['lioin4^T.i>K,  46  ;  tharmai  rarie- 
tlona  of  too  eon,  07  ;  atmrtnrv  of  *n»- 
•pota,  77  ;  their  ipectn,  88,  91,  93. 
94 1  helium  ahaorption  la,  94 ;  oaklau 
In  the  ■mi,  114  ;  rliiutnuipharic  apeo- 
tnini,  119  ;  rnotla  of  Hilar  rotation. 
149;  eraptionjin  the  eon,  106 

Zenana*  afloat  daaeribad,  0;  noaaibly 
praoant  In  eparUva  of  afire,  224 
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